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57 ABSTRACT

A charge pump circuit which may be used 1n a PLL includes
a charge/discharge circuit, a detection circuit and an adjust-
ing circuit. The charge/discharge circuit performs a charge
operation in response to a first pulse signal and a discharge
operation 1n response to a second pulse signal and outputs an
output signal having a voltage based on the charge and the
discharge operations. The detection circuit detects whether a
charge operation or a discharge operation was performed
and generates a control signal. The adjusting circuit adjusts
the charge and discharge operations so that a charge amount

and a discharge amount per unit time become substantially
equal to each other.
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Fig.1 (Prior Art)
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Fig.2(Prior Art)
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Fig.10(Prior Art)
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Fig.13
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1

CHARGE PUMP WITH CHARGLE/
DISCHARGE AMOUNT CONTROL

BACKGROUND OF THE INVENTION

The present invention relates to a charge pump which 1s
to be 1nstalled in a PLL circuit, and, more particularly, to a
charge pump which quickly locks its frequency to a desired
frequency and maintain a stable frequency output signal.

FIG. 1 1s a schematic block diagram of a conventional
PLL circuit 10. The PLL circuit 10 has a phase comparator
11, a charge pump 12, a low-pass filter (LPF) 13, a voltage
controlled oscillator (VCO) 14 and a frequency divider 18.
The phase comparator 11 provides the charge pump 12 with
first and second phase difference signals UP and DN which
have pulse widths according to a phase difference between
a reference signal RIN having a predetermined frequency
and a frequency-divided signal FIN from the frequency
divider 15. The charge pump 12 sends the LPF 13 an output
signal Co which varies 1n accordance with the pulse widths
of the first and second phase difference signals UP and DN.
The LPF 13 smoothes the output signal Co from the charge
pump 12 and supplies a DC voltage signal Lo to the VCO
14. The VCO 14 sends an external circuit an oscillation
output signal Fout having a frequency according to the
voltage value of the DC voltage signal Lo. The VCO 14 also
sends the oscillation output signal Fout to the frequency
divider 15. The frequency divider 15 frequency divides the
oscillation output signal Fout and sends the resultant
frequency-divided signal FIN to the phase comparator 11.
The PLL circuit 10 operates such that the frequency of the
oscillation output signal Fout output from the VCO 14
substantially matches, or 1s locked to a desired frequency.

FIG. 4 1s a circuit diagram of the phase comparator 11.
The phase comparator 11 has four or first to fourth D
flip-flops (DFs) 21 to 24, and exclusive OR (EOR) gates 25
and 26. The phase comparator 11 operates according to the
timing charts 1llustrated 1n FIGS. 5 to 7. FIG. 5 shows an
example where the rising of the reference signal RIN coin-
cides with the rising of the frequency-divided signal FIN. In
this case, since the phase of the reference signal RIN
substantially coincides with the phase of the frequency-
divided signal FIN, the phase comparator 11 outputs the first
and second phase difference signals UP and DN which have
the same pulse width. FIG. 6 shows an example where the
rising of the reference signal RIN comes later than the rising
of the frequency-divided signal FIN. In this case, the phase
of the frequency-divided signal FIN leads the phase of the
reference signal RIN, and the phase comparator 11 outputs
the first phase difference signal UP whose pulse width is
narrower than that of the second phase difference signal DN.
FIG. 7 depicts an example where the rising of the reference
signal RIN comes carlier than the rising of the frequency-
divided signal FIN. In this case, the phase of the reference
signal RIN leads the phase of the frequency-divided signal
FIN, and the phase comparator 11 outputs the first phase
difference signal UP whose pulse width 1s wider than that of
the second phase difference signal DN.

As shown 1n FIG. 2, the charge pump 12 includes a P
channel MOS (PMOS) transistor TP1 and an N channel
MOS (NMOS) transistor TN1 connected in series between
a first power supply line L1 connected to a high-potential
voltage supply V,, and a second power supply line 1.2
connected to a low-potential voltage supply V... The PMOS
transistor TP1 has a source which 1s supplied with the
voltage of the high-potential voltage supply V,,, a drain
connected to the drain of the NMOS transistor TN1 and a
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2

cgate to which the first phase difference signal UP 1s input.
The NMOS transistor TN1 has a source which 1s supplied
with the voltage of the low-potential voltage supply V.. and
a gate which 1s supplied with the second phase diff

erence
signal DN. A node N1 between the drains of the transistors
TP1 and TN1 serves as a terminal for outputting the output
signal Co from the charge pump 12.

As the PMOS transistor TP1 is turned on 1n response to
the first phase difference signal UP of an L level, the charge
pump 12 performs a charge operation to let the current flow
to the LPF 13 to increase the amount of charge in the LPF
13. The LPF 13, which includes a resistor and a capacitor,
raises the voltage of the output signal Lo with an increase in
the amount of charge. That 1s, the charge pump 12 carries out
the charge operation 1n a period where the first phase
difference signal UP has an L level.

As the NMOS ftransistor TN1 1s turned on 1n response to
the second phase difference signal DN of an H level, the
charge pump 12 performs a discharge operation to drain the
current from the LPF 13, which reduces the amount of
charge stored in the LPF 13. The LPF 13 decreases the
voltage of the output signal Lo 1n accordance with a decrease
in the amount of charge. That 1s, the charge pump 12 carries
out the discharge operation 1n a period where the second
phase difference signal DN has an H level.

In the example of FIG. §, as the phase comparator 11
outputs the first and second phase difference signals UP and
DN which have the same pulse width, the charee pump 12
carries out a charge operation (pumping out the current I
(Co) (positive side)) and a discharge operation (pumping up
the current I (Co) (negative side)) for the same period of
time. As shown in FIG. 8(a), therefore, the voltage V (Lo)
of the output signal Lo of the LPF 13 does not vary and the
VCO 14 holds the frequency of the output signal Fout.

In the example of FIG. 7, as the phase comparator 11
outputs the first phase difference signal UP which has a
wider pulse width than the second phase difference signal
DN, the charge pump 12 carries out a longer charge opera-
tion than a discharge operation. In other words, the charge
pump 12 executes pumping-out of the current I (Co)
(positive side) longer than pumping-up of the current I (Co)
(negative side). As shown in FIG. 8(b), therefore, the voltage
V (Lo) of the output signal Lo of the LPF 13 rises and the

VCO 14 increases the frequency of the output signal Fout.

In the example of FIG. 6, as the phase comparator 11
outputs the first phase difference signal UP which has a
narrower pulse width than the second phase difference signal
DN, the charge pump 12 performs a shorter charge operation
than a discharge operation. That is, the charge pump 12
executes pumping-up of the current I (Co) (negative side)

longer than pumping-out of the current I (Co) (positive side).
As shown 1n FIG. 8(c¢), therefore, the voltage V (Lo) of the

output signal Lo of the LPF 13 drops, causing the VCO 14
to decrease the frequency of the output signal Fout.

Referring to FIG. 3, an equivalent circuit of the charge
pump 12 1s shown as first and second resistors R1 and R2
connected 1n series between the first and second power
supply lines L1 and L2. A voltage difference between the
voltage of the high-potential voltage supply V., and the
voltage of the low-potential voltage supply V.. 1s constant.
Therefore, when the potential at the node N1 is high and
increased close to the voltage of the high-potential voltage
supply V,, for example, a potential difference across the
first resistor R1 becomes smaller than a potential difference
across the second resistor R2. When the potential at the node
N1 1s low and decreased close to the voltage of the low-
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potential voltage supply V.., a potential difference across
the first resistor R1 becomes larger than a potential ditfer-
ence across the second resistor R2.

The potential differences across the first and second
resistors R1 and R2 are the source-drain potential ditfer-
ences of the transistors TP1 and TNI1, respectively. Thus,
cach transistor TP1 or TIN1 has a greater drive performance
as the source-drain potential difference becomes larger, and
has a smaller drive performance as the source-drain potential
difference becomes smaller. In a greater drive performance,
a large current flows 1n the transistor, whereas with a smaller
drive performance, little current flows 1n the transistor. The
drive performances of the individual transistors TP1 and

TN1 have the following influences on the operation of the
PLL circuit 10.

When the potential at the node N1 1s high and increased
close to the voltage of the high-potential voltage supply
V5, as the drive performance of the NMOS transistor TN1
1s greater than that of the PMOS transistor TP1, more current
flows 1n the NMOS transistor TN1 than the PMOS transistor
TP1 even when the first and second phase difference signals
UP and DN are mput. Consequently, the charge amount gets
larger than the discharge amount.

FIG. 9 shows, 1n a matrix form, the ratios of the charge
amount by the PMOS transistor TP1 to the discharge amount
by the NMOS transistor TN1 based on the relationship
between the voltage V(N1) at the node N1 and the phase
difference between the reference signal RIN and the
frequency-divided signal FIN. In FIG. 9, the ratios are given
by numerals above the waveforms. In the case of the center
portion in FIG. 9 (where the phases of both signals RIN and
FIN substantially coincide with each other and the voltage
V(N1) at the node N1 is set near the midway between the
voltage of the high-potential voltage supply V,, and the
voltage of the low-potential voltage supply V..), for
example, the ratio of the charge amount to the discharge
amount 1s 4:4.

In the case of the lower center portion in FIG. 9 (where
both signals RIN and FIN are substantially in phase with
cach other and the voltage at the node N1 is high), a large
current flows 1n the NMOS transistor TN1 so that the ratio
of the charge amount to the discharge amount 1s 2:6. In this
case, the voltage V (Lo) of the output signal Lo of the LPF
13 drops and the frequency of the oscillation output signal
Fout from the VCO 14 1s decreases. This leads to a mal-
function where the oscillation output signal Fout of the PLL
circuit 10 1s unlocked. That 1s, the oscillation output signal
Fout of the PLL circuit 10 decreases even though the
reference signal RIN 1s substantially in phase with the
frequency-divided signal FIN and the frequencies of both
signals are substantially the same.

In the lower left case in FIG. 9, where the phase of the
frequency-divided signal FIN lags behind the phase of the
reference signal RIN and the voltage at the node N1 1s high,
a large current flows 1n the NMOS transistor TN1, increasing
the discharge amount, so that the ratio of the charge amount
to the discharge amount becomes 3:3. In this case, the LPF
13 outputs the output signal Lo having a constant voltage
V(Lo). The VCO 14 sends out the oscillation output signal
Fout having a constant frequency in response to the output
signal Lo of the LPF 13. As a result, the frequency of the
oscillation output signal Fout does not vary regardless of the
delayed phase of the frequency-divided signal FIN. In other
words, while the voltage at the node N1 1s held high, the
oscillation output signal Fout with a constant frequency is
output.
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In the lower right case m FIG. 9, where the phase of the
frequency-divided signal FIN leads the phase of the refer-
ence signal RIN and the voltage at the node N1 1s high, the
discharge amount increases so that the ratio of the charge
amount to the discharge amount becomes 1:9. In this case,
the LPF 13 drastically drops the voltage V(Lo) of the output
signal Lo. The VCO 14 sharply decreases the frequency of
the oscillation output signal Fout in response to the output
signal Lo of the LPF 13. Consequently, the frequency of the
oscillation output signal Fout overshoots (undershoots) the
desired frequency, increasing the lockup time of the oscil-
lation output signal Fout.

In the upper letft case 1 FIG. 9, where the phase of the
frequency-divided signal FIN lags behind the phase of the
reference signal RIN and the voltage at the node N1 1s low,
the charge amount increases so that the ratio of the charge
amount to the discharge amount becomes 9:1. In this case,
the VCO 14 rapidly increases the frequency of the oscilla-
tion output signal Fout in response to the output signal Lo of
the LPF 13. As a result, the lockup time of the PLL circuit

INCreascs.

In the upper right case 1n FIG. 9, where the phase of the
frequency-divided signal FIN leads the phase of the refer-
ence signal RIN and the voltage at the node N1 1s low, the
charge amount increases so that the ratio of the charge
amount to the discharge amount becomes 3:3. In this case,
the VCO 14 sends out the oscillation output signal Fout
having a constant frequency 1n response to the output signal
Lo of the LPF 13. Consequently, the frequency of the
oscillation output signal Fout 1s not locked to a predeter-
mined frequency.

FIG. 10 1s a schematic block diagram of a conventional
phase comparator 30 which has been improved with respect

to the above problem. The phase comparator 30 has nine or
first through ninth NAND gates 30a to 30:. The second and

third NAND gates 30b and 30c¢ form a first flip-flop 31, and
the fourth and fifth NAND gates 304 and 30e form a second
flip-tlop 32.

When the phase of the frequency-divided signal FIN lags
behind the phase of the reference signal RIN, as shown in
FIG. 11(a), the phase comparator 30 outputs the first phase
difference signal UP whose pulse width corresponds to the
phase difference and the second phase difference signal DN
having a predetermined level. The second phase difference
signal DN is inverted by an inverter circuit (not shown) and
1s then applied to the gate of the NMOS transistor TN1 of the
charge pump 12. The charge pump 12 carries out only a

charge operation in response to the first and second phase
difference signals UP and DN.

When the phase of the frequency-divided signal FIN leads
the phase of the reference signal RIN, as shown in FIG.
11(b), the phase comparator 30 outputs the second phase
difference signal DN whose pulse width corresponds to the
phase difference and the first phase difference signal UP
having a predetermined level. The charge pump 12 carries
out only a discharge operation 1n response to the first and
second phase difference signals UP and DN.

When the reference signal RIN 1s substantially in phase
with the frequency-divided signal FIN, the phase compara-
tor 30 outputs the first and second phase difference signals
UP and DN having a predetermined level. As the charge
pump 12 does not perform a charge/discharge operation in
response to the first and second phase difference signals UP
and DN having the predetermined level, the voltage of the
output signal from the charge pump 12 1s kept constant, as
shown 1n FIG. 12. This keeps the frequency of the oscillation




6,111,468

S

output signal Fout constant so that the oscillation output
signal Fout 1s locked.

When the voltage V(N1) at the node N1 is high, however,
the drive performance of the PMOS transistor TP1
decreases, reducing the charge amount. Consequently, the
charge operation of the charge pump 12 becomes slower and

the speed of the voltage rise of the output signal Lo of the
LPF 13 gets slower. As a result, the frequency of the
oscillation output signal Fout from the VCO 14 1s shightly
increased. This slow charge operation elongates the lockup
time of the oscillation output signal Fout.

Accordingly, 1t 1s an object of present invention to provide
a charge pump having a decreased lock time while 1mprov-
ing the frequency stability.

SUMMARY OF THE INVENTION

Briefly stated, the present invention provides a charge
pump including a charge/discharge circuit, a detection cir-
cuit connected to the charge/discharge circuit, and an adjust-
ing circuit connected to the detection circuit and the charge/
discharge circuit. The charge/discharge circuit performs a
charge operation in response to a first pulse signal, performs
a discharge operation 1n response to a second pulse signal
and outputs an output signal having a voltage based on the
charge operation and the discharge operation from an output
terminal. The detection circuit detects a status of the charge
operation and the discharge operation and generates a con-
trol signal representing a detection result. The adjusting
circuit adjusts the charge operation and the discharge opera-
fion such that a charge amount and a discharge amount per
unit time become substantially equal to each other.

The present invention provides a charge pump including:
charge and discharge transistors connected 1n series between
a high-potential voltage supply and a low-potential voltage
supply; a first transistor, a resistor and a second transistor
connected 1n series between the high-potential voltage sup-
ply and the low-potential voltage supply; a third transistor
connected between a first node between the first transistor
and the resistor, and a gate of the charge transistor and
responsive to a first pulse signal; and a fourth transistor
connected between a second node between the second
fransistor and the resistor, and a gate of the discharge
transistor and responsive to a second pulse signal. The gates
of the first and second transistors are connected to a third
node between the charge transistor and the discharge tran-
S1stor.

The present invention also provides a charge pump
including: a main charge transistor and a main discharge
transistor connected 1n series between a high-potential volt-
age supply and a low-potential voltage supply; a group of
auxiliary charge transistors including first and second aux-
iliary charge transistors connected 1n series between a node
between the main charge transistor and the main discharge
transistor, and the high-potential voltage supply; a group of
auxiliary discharge transistors including first and second
auxiliary discharge transistors connected 1n series between
the node and the low-potential voltage supply; and an A/D
converter, connected to the node, for converting an analog
signal at the node to a digital signal. A gate of the first
auxiliary charge transistor 1s connected to a gate of the main
charge transistor, and a gate of the second auxiliary charge
transistor 1s responsive to the digital signal. A gate of the first
auxiliary discharge transistor 1s connected to a gate of the
main discharge transistor, and a gate of the second auxiliary
discharge transistor 1s responsive to the digital signal.

The present invention provides a charge pump compris-
ing: a charge transistor and a discharge transistor connected
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In series between a high-potential voltage supply and a
low-potential voltage supply; first and second transistors
connected 1n series between the charge transistor and the
discharge transistor, a gate of the first transistor being
connected to a first node between the first transistor and the
charge transistor, a gate of the second transistor being
connected to a second node between the second transistor
and the discharge transistor; a first operational amplifier
having a first input terminal connected to the first node, a
second 1mput terminal connected to a third node between the
first and second transistors, and an output terminal; a second
operational amplifier having a first input terminal connected
to the second node, a second input terminal connected to the
third node, and an output terminal; a third transistor con-

nected between the high-potential voltage supply and a gate
of the charge transistor; and a fourth transistor connected
between the low-potential voltage supply and a gate of the
discharge transistor. A gate of the third transistor 1s con-
nected to the output terminal of the {first operational
amplifier, and a gate of the fourth transistor 1s connected to
the output terminal of the second operational amplifier.

The present invention further provides a charge pump
including: a charge transistor and a discharge transistor
connected 1n series between a high-potential voltage supply

and a low-potential voltage supply; a group of auxiliary
charge transistors imncluding first and second auxiliary charge

transistors connected 1n series between the high-potential
voltage supply and a first node between the charge transistor

and the discharge transistor;

a group of auxiliary discharge transistors including first
and second auxiliary discharge transistors connected 1n
series between the low-potential voltage supply and the first
node; a first operational amplifier having a first 1nput ter-
minal connected to the first node, a second mput terminal
connected to a second node between the high-potential
voltage supply and the charge transistor, and an output
terminal; and a second operational amplifier having a first
mput terminal connected to the first node, a second 1nput
terminal connected to a third node between the low-potential
voltage supply and the discharge transistor, and an output
terminal. A gate of the first auxiliary charge transistor is
connected to a gate of the charge transistor, and a gate of the
second auxiliary charge transistor 1s connected to the output
terminal of the first operational amplifier. A gate of the first
auxiliary discharge transistor 1s connected to a gate of the
discharge transistor, and a gate of the second auxiliary
discharge transistor 1s connected to the output terminal of the
second operational amplifier.

The present mnvention provides a charge pump including;:
a charge transistor and a discharge transistor connected 1n
serics between a high-potential voltage supply and a low-
potential voltage supply; a first resistor and a first current
detection circuit connected in series between a first node
between the charge transistor and the discharge transistor,
and a second node between the high-potential voltage supply
and the charge transistor; a second resistor and a second
current detection circuit connected 1n series between the first
node and a third node between the low-potential voltage
supply and the discharge transistor; an operational amplifier
having a first mnput terminal connected to an output of the
first current detection circuit, a second 1nput terminal con-
nected to an output of the second current detection circuit,
and an output terminal; a first transistor connected between
the high-potential voltage supply and a gate of the charge
transistor; and a second transistor connected between the
low-potential voltage supply and a gate of the discharge
transistor. The first and second transistors have gates con-
nected to the output terminal of the operational amplifier.
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The present 1nvention provides a charge pump including:
a charge transistor and a discharge transistor connected 1n
serics between a high-potential voltage supply and a low-
potential voltage supply; a group of auxiliary charge tran-
sistors including first and second auxiliary charge transistors
connected 1n series between the high-potential voltage sup-
ply and a first node between the charge transistor and the
discharge transistor; a group of auxiliary discharge transis-
tors including first and second auxiliary discharge transistors
connected 1n series between the low-potential voltage supply
and the first node; a first resistor and a first current detection
circuit connected 1n series between the first node and a
second node between the charge transistor and the high-
potential voltage supply; a second resistor and a second
current detection circuit connected 1n series between the first
node and a third node between the discharge transistor and
the low-potential voltage supply; an operational amplifier
having a first input terminal connected to an output of the
first current detection circuit, a second 1nput terminal con-
nected to an output of the second current detection circuit,
and an output terminal. A gate of the first auxiliary charge
transistor 1s connected to a gate of the charge transistor, and
a gate of the second auxiliary charge transistor is connected
to the output terminal of the operational amplifier. A gate of
the first auxiliary discharge transistor 1s connected to a gate
of the discharge transistor, and a gate of the second auxiliary
discharge transistor 1s connected to the output terminal of the
operational amplifier.

Other aspects and advantages of the invention will
become apparent from the following description, taken in
conjunction with the accompanying drawings, 1llustrating by
way of example the principles of the mvention.

BRIEF DESCRIPTION OF THE DRAWINGS

The 1nvention, together with objects and advantages
thereof, may best be understood by reference to the follow-
ing description of the presently preferred embodiments
together with the accompanying drawings in which:

FIG. 1 1s a schematic block diagram of a first conventional
PLL circuit;

FIG. 2 1s a circuit diagram of a charge pump of the PLL
circuit in FIG. 1;

FIG. 3 1s an equivalent circuit diagram of the charge pump
i FIG. 2;

FIG. 4 1s a block circuit diagram of a phase comparator of
the PLL circuit in FIG. 1;

FIG. 5 1s a timing chart for a case where the rising
(falling) of a reference signal is in phase with the rising of
a clock 1n the phase comparator 1n FIG. 4;

FIG. 6 1s a timing chart for a case where the rising
(falling) of the reference signal leads the rising of the clock
by a half period 1n the phase comparator 1n FIG. 4;

FIG. 7 1s a timing chart for a case where the rising
(falling) of the reference signal lags behind the rising of the
clock by a half period in the phase comparator in FIG. 4;

FIGS. 8(a) through 8(c) are waveform charts of the output
signal of the phase comparator 1n FIG. 4 and the pump-up
and pump-out currents of the charge pump 1n FIG. 2;

FIG. 9 1s a matrix diagram showing the ratios of the
charge amount to the discharge amount 1n the charge pump
in FIG. 2 based on the relationship between the output
voltage and the phase difference between the reference
signal and the frequency-divided signal;

FIG. 10 1s a block circuit diagram of second conventional
phase comparator;
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FIGS. 11(a) and 11(b) are timing charts of the phase
comparator 1n FIG. 10;

FIG. 12 1s a matrix diagram showing the charge amounts
and the discharge amounts in the charge pump 1n FIG. 2
which operates 1 accordance with the phase comparator in
FIG. 10, based on the relationship between the output
voltage and the phase difference between the reference
signal and the frequency-divided signal;

FIG. 13 1s a block diagram of a charge pump according to
the present invention;

FIG. 14 1s a block circuit diagram of a PLL circuit
including a charge pump according to a first embodiment of
the present invention;

FIG. 15 15 a circuit diagram of the charge pump according
to the first embodiment of the invention;

FIGS. 16(a) through 16(c) are diagrams showing changes
in an 1nternal resistor in the charge pump in FIG. 15;

FIG. 17 1s a circuit diagram of a charge pump according,
to a second embodiment of the invention;

FIG. 18 1s a circuit diagram of an A/D converter of the
charge pump 1n FIG. 17;

FIG. 19 1s a circuit diagram of a decoder of the charge
pump 1n FIG. 17;

FIG. 20 15 a circuit diagram of a charge pump according
to a third embodiment of the mvention;

FIG. 21 1s a circuit diagram of an A/D converter of the
charge pump 1n FIG. 20;

FIG. 22 1s a block diagram of a decoder of the charge
pump 1n FIG. 20;

FIG. 23 15 a characteristic diagram of the charge pump 1n
FIG. 20;

FIG. 24 15 a circuit diagram of a charge pump according
to a fourth embodiment of the invention,;

FIG. 25 1s a circuit diagram of a differential amplifier of

the charge pump 1n FIG. 24;

FIGS. 26(a) through 26(c) are diagrams showing changes
in a resistor of the charge pump in FIG. 24;

FIG. 27 15 a circuit diagram of a charge pump according,
to a fifth embodiment of the invention;

FIG. 28 15 a circuit diagram of a charge pump according
to a sixth embodiment of the invention;

FIG. 29 1s a circuit diagram of a charge pump according,
to a seventh embodiment of the invention; and

FIG. 30 1s a schematic block circuit diagram of a PLL
frequency synthesizer including a charge pump in accor-
dance with the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

In the drawings, like numerals are used for like elements.
FIG. 13 1s a block diagram of a charge pump 100 according
to the present invention. The charge pump 100 comprises a
charge/discharge circuit 1, a detection circuit 4 and a com-
pensation circuit 5. The charge/discharge circuit 1 mcludes
a pump-out circuit 2 which performs a charge operation 1n
response to a first pulse signal DN and a pump-up circuit 3
which performs a discharge operation 1n response to a
second pulse signal DN. A node between the pump-out
circuit 2 and the pump-up circuit 3 serves as an output
terminal for outputting an output signal Co of the charge/
discharge circuit 1. The detection circuit 4, connected to the
output terminal, detects the status of the pump-out circuit 2
and the pump-up circuit 3 and outputs a control signal based
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on the detection result. The compensation circuit § controls
the pump-out circuit 2 and the pump-up circuit 3 to com-
pensate for a balance between the charge amount of the
pump-out circuit 2 and the discharge amount of the pump-up
circuit 3 1n accordance with the control signal.

FIG. 14 1s a schematic block circuit diagram of a PLL
circuit 40 having a charge pump 41 according to a first
embodiment of the present invention. The PLL circuit 40
further has a phase comparator 11, a low-pass filter (LPF)
13, a voltage controlled oscillator (VCO) 14 and a frequency
divider 15. The charge pump 41 receives first and second
phase difference signals UP and DN from the phase com-
parator 11 and sends the LPF 13 an output signal Co which
varies 1n accordance with the pulse widths of the first and
second phase difference signals UP and DN. Because the
phase comparator 11, the LPF 13, the VCO 14 and the
frequency divider 15 may have the same structures as those

of the prior art, descriptions thereof will not be repeated.

FIG. 15 1s a circuit diagram of the charge pump 41, which
includes first to third P channel MOS (PMOS) transistors

TP1 to TP3, first to third N channel MOS (NMOS) transis-
tors TN1 to TN3, and a resistor Rc. The first PMOS
transistor TP1 and the first NMOS fransistor TN1 form a
series circuit, and serves as a charge/discharge (C/D) circuit

42 which performs charging/discharging with respect to the
LPF 13.

Specifically, the first PMOS transistor TP1 has a source
connected to a high-potential voltage supply V.., a drain
connected to the drain of the first NMOS transistor TN1 and
a gate. The first NMOS transistor TN1 has a source con-
nected to a low-potential voltage supply V.. and a gate. A
node N1 between the drain of the first PMOS transistor TP1
and the drain of the first NMOS transistor TN1 1s a terminal
for outputting the output signal from the charge pump 41.

When the first PMOS transistor TP1 1s turned on with a
predetermined voltage applied to its gate, a current I(Co) 1s
supplied via the node N1 to the LPF 13 from the high-
potential voltage supply V.., charging the LPF 13. The
charge determines the voltage at the node N1 or the voltage
of the output signal Co. The LPF 13 smoothes the output
signal Co and outputs an output signal Lo having a high
voltage 1n accordance with the amount of stored charge.
Therefore, the first PMOS transistor TP1 forms a pump-out
circuit which pumps out a current to the LPF 13.

When the first NMOS transistor TN1 1s turned on with a
predetermined voltage applied to its gate, the current I(Co)
flows to the low-potential voltage supply V.. from the LPF
13 via the node N1, reducing the amount of charge of the
LPF 13. The discharging of the LPF 13 causes the LPF 13
to output the output signal Lo which has a low voltage
according to the reduced amount of charge. Therefore, the
first NMOS ftransistor TN1 forms a pump-up circuit which
pumps up a current from the LPF 13.

The second PMOS transistor TP2, the resistor Rc and the
sccond NMOS transistor TN2 are connected 1n series
between the high-potential voltage supply V,,, and the
low-potential voltage supply V... This series circuit serves
as a detection circuit 43, which receives the output signal Co
and detects 1f the voltage of the output signal Co 1s increased
close to the voltage of the high-potential voltage supply V5,
or the voltage of the low-potential voltage supply V... The
detection circuit 43 sends out the detection result on the
output signal Co as a divided voltage V1 or V2. The third
PMOS and NMOS ftransistors TP3 and TNJ3 serve as a
compensation circuit 44 which compensates for the charge/
discharge amount of the C/D circuit 42 based on the detec-
tion result from the detection circuit 43.
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Specifically, the second PMOS transistor TP2 has a gate
connected to the node N1, a source connected to the power
supply line of the high-potential voltage supply V,, and a
drain connected to a first terminal (node N2) of the resistor
Rc. The second NMOS transistor TN2 has a gate connected
to the node N1, a source connected to the power supply line
of the low-potential voltage supply V. and a drain con-
nected to a second terminal (node N3) of the resistor Rc.

The gates of the second PMOS and NMOS transistors
TP2 and TN2 receive the voltage at the node N1 or the
output signal Co. Theretfore, the second PMOS transistor
TP2 1s equivalent to a resistor having an ON resistance
corresponding to a difference between the voltage of the
output signal Co and the voltage of the high-potential
voltage supply V. Likewise, the second NMOS transistor
TN2 1s equivalent to a resistor having an ON resistance
corresponding to a difference between the voltage of the
output signal Co and the voltage of the low-potential voltage
supply V... FIGS. 16(a)-16(c) are equivalent circuit dia-
orams of the detection circuit 43 1n which varying voltage
values are 1illustrated by varying the illustrated size of
resistors Rp and Rn.

FIG. 16(a) shows an equivalent circuit in which the
second PMOS transistor TP2 1s represented by a resistor Rp
and the second NMOS transistor TN2 1s represented by a
resistor Rn. At the nodes N2 and N3, divided voltages V1
and V2 are acquired by dividing the potential difference
between the high-potential voltage supply V,, and the
low-potential voltage supply V., by the individual resistors
Rp, Rc and Rn. The potential difference between the high-
potential voltage supply V,, and the low-potential voltage
supply V.. 1s constant, and the resistor Rc has a constant
resistance. The divided voltages V1 and V2 are thus deter-
mined by the resistances of the resistors Rp and Ran.

When the voltage of the output signal Co 1s 1n the vicinity
of an intermediate voltage (*2 (V,,+V.) between the
voltage of the high-potential voltage supply V., and the
voltage of the low-potential voltage supply V., as shown 1n
FIG. 16(a), the gate-source voltage of the second PMOS
transistor TP2 1s substantially equal to the gate-source
voltage of the second NMOS transistor TN2, so that the ON
resistances of both transistors TP2 and TN2 are substantially
the same. Therefore, the difference between the voltage of
the high-potential voltage supply V,, and the voltage at the
node N2 is substantially equal to the difference between the
voltage at the node N3 and the voltage of the low-potential
voltage supply V... Accordingly, predetermined divided
voltages V1a and V2a appear at the nodes N2 and NJ3.

When the voltage of the output signal Co 1s decreased
close to the voltage of the low-potential voltage supply V.
(lower than the intermediate voltage), as shown in FIG.
16(b), the ON resistance of the second PMOS transistor TP2
(resistor Rp) is lower than the resistance of the second
NMOS transistor TN2 (resistor Rn). Therefore, divided
voltages V1b and V2b higher than the predetermined
divided voltages V1a and V2a appear at the nodes N2 and

N3.

When the voltage of the output signal Co 1s increased
close to the voltage of the high-potential voltage supply V5,

(higher than the intermediate voltage), as shown in FIG.
16(c), the ON resistance of the second PMOS transistor TP2

becomes greater than the resistance of the second NMOS
transistor TN2. Therefore, divided voltages V1c and V2c
lower than the predetermined divided voltages V1a and V2a
appear at the nodes N2 and N3J3.

As shown 1n FIG. 1§, the node N2 between the second
PMOS transistor TP2 and the resistor Rc 1s connected via the
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third NMOS transistor TN3 to the gate of the first NMOS
transistor TN1. The third NMOS transistor TN3 has a gate

to which the second phase difference signal DN 1s applied.
The third NMOS transistor TNJ3 1s turned on 1n response to
the second phase difference signal DN having an H level,
clectrically connecting the node N2 to the gate of the ﬁrst

NMOS transistor TN1. While the second phase difference
signal DN 1s kept having the H level, therefore, the first

divided voltage V1 of the node N2 1s applied to the gate of
the first NMOS transistor TN1.

The first NMOS ftransistor TN1 performs a discharge
operation to the LPF 13 in response to the first divided
voltage V1 applied to its gate. The first divided voltage V1
corresponds to the gate-source voltage of the second PMOS
transistor TP2 (i.e., the voltage difference between the
voltage of the output signal Co and the voltage of the
high-potential voltage supply V). The first NMOS tran-
sistor TN1 permits the current to flow at a degree of
conductivity which corresponds to the voltage difference.
The drive performance (discharge amount) of the first
NMOS transistor TN1 1s therefore compensated 1n accor-
dance with the first divided voltage V1 as the detection result
from the detection circuit 43.

The node N3 between the second NMOS transistor TN2
and the resistor Rc 1s connected via the third PMOS tran-
sistor TP3 to the gate of the first PMOS transistor TP1. The
third PMOS transistor TP3 has a gate to which the first phase
difference signal UP 1s applied. The third PMOS transistor
TP3 1s turned on 1n response to the first phase difference
signal UP having an L level, electrically connecting the node
N3 to the gate of the first PMOS transistor TP1. While the
first phase difference signal UP 1s kept having the L level,
therefore, the voltage of the node N3 is applied to the gate
of the first PMOS transistor TP1. The first PMOS transistor
TP1 performs a charge operation to the LPF 13 in response
to the second divided voltage V2 applied to its gate. The
second divided voltage V2 corresponds to the gate-source
ltage of the second NMOS transistor TN2 (i.e., the voltage

vO.
difference between the voltage of the output signal Co and
the voltage of the low-potential voltage supply Vo). The
first PMOS ftransistor TP1 permits the current to flow at a
degree of conductivity which corresponds to the voltage
difference. The drive performance (charge amount) of the
first PMOS ftransistor TP1 1s therefore compensated in
accordance with the second divided voltage V2 as the
detection result from the detection circuit 43.

The operation of the charge pump 41 will now be
explained.

In a first case, when the voltage V(N1) of the output signal
Co 1s generated near the intermediate voltage between the
voltages of the high-potential voltage supply V,,, and the
low-potential voltage supply V.. the voltage difference
between the gate and source of the second PMOS transistor
TP2 1s substantially equal to the voltage difference between
the gate and source of the second NMOS transistor TN2. The
ON resistance of the second PMOS transistor TP2 (the
resistance of the resistor Rp) is thus substantially the same
as the ON resistance of the second NMOS transistor TIN2
(the resistance of the resistor Rn). Consequently, at nodes N2
and N3 respectively appear predetermined first and second
divided voltages V1a and V2a such that the difference
between the voltage of the high-potential voltage supply
V, and the first divided voltage V1 1s substantially equal
to the difference between the second divided voltage V2 and

the voltage of the low-potential voltage supply V...

The first transistors TP1 and TN1 permit the currents to
flow at substantially the same degree of conductivity accord-
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ing to the first and second divided voltages V1 and V2,
resulting 1n that the amounts of the currents flowing per unit
time or the charge amount and the discharge amount become
substantially the same. In this manner, the charge pump 41
performs charging/discharging of the LPF 13 with the
amount of charge which corresponds to the pulse widths of
the first and second phase difference signals UP and DN. The
LPF 13 outputs the output signal Lo whose voltage corre-
sponds to the amount of the stored charge. The VCO 14
holds or increases or decreases the frequency of the oscil-

lation output signal Fout in response to the output signal Lo
from the LPF 14.

In a second case, when the voltage V(IN1) of the output
signal Co 1s decreased close to the voltage of the low-
potential voltage supply V.., the voltage difference between
the gate and source of the second PMOS transistor TP2
becomes smaller than the voltage difference between the
cgate and source of the second NMOS transistor TN2. The
detection circuit 43 therefore outputs the first and second
divided voltages V1b and V2b higher than the predeter-
mined first and second divided voltages V1a and V1b of the
first case. The third PMOS transistor TP3 applies the second
divided voltage V2b to the gate of the first PMOS transistor
TP1 1n response to the first phase difference signal UP. The
third NMOS transistor TN3 applies the first divided voltage
V1b to the gate of the first NMOS transistor TN1 1n response
to the second phase difference signal DN. As a result, the
degree of conductivity of the first PMOS transistor TP1
becomes lower than that of the first NMOS transistor TN1.
That 1s, the drive performance of the first PMOS transistor
TP1 becomes lower, thus reducing the charge amount per
unit time. Further, the drive performance of the first NMOS
transistor TN1 becomes greater, increasing the discharge
amount per unit time. Accordingly, the charge pump 41
supplies the output signal Co to the LPF 13 while compen-
sating the balance between the charge amount and the

discharge amount 1n accordance with first and second phase
difference signals UP and DN.

When the reference signal RIN 1s 1n phase with the
frequency-divided signal FIN, therefore, the charge pump 41
operates 1n such a way as to make the charge amount
substantially equal to the discharge amount 1n response to
the first and second phase difference signals UP and DN
which have the same pulse width (the case shown at the
center in FIG. 9). The corresponding prior art is the upper
center in FIG. 9. As a result, the LPF 13 outputs the output
signal Lo having a given voltage V(LLo) and the VCO 14
stably maintains the frequency of the oscillation output
signal Fout locked in accordance with the output signal Lo.

When the phase of the frequency-divided signal FIN lags
behind the phase of the reference signal RIN, the charge
pump 41 operates to acquire the proper charge amount/
discharge amount corresponding to the ratio of the long
pulse width of the first phase difference signal UP to the
short pulse width of the second phase difference signal DN
(the left center in FIG. 9). The corresponding prior art is the
upper left mm FIG. 9. Accordingly, the LPF 13 properly
increases the voltage V(Lo) of the output signal Lo and the
VCO 14 increases the frequency of the oscillation output
signal Fout, which locks the frequency of the oscillation
output signal Fout to the target frequency.

When the phase of the frequency-divided signal FIN leads
the phase of the reference signal RIN, the charge pump 41
operates to acquire the proper charge amount/discharge
amount corresponding to the ratio of the short pulse width of
the first phase difference signal UP to the long pulse width
of the second phase difference signal DN (the right center in
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FIG. 9). The corresponding prior art 1s the upper right in
FIG. 9. Accordingly, the LPF 13 properly decreases the
voltage V(Lo) of the output signal Lo and the VCO 14
reduces the frequency of the oscillation output signal Fout,
which locks the frequency of the oscillation output signal
Fout to the target frequency.

As apparent from the above, the lockup time of the PLL
circuit 40 1s decreased without causing the frequency of the
oscillation output signal Fout to go significantly beyond the
target frequency.

In a third case, when the voltage V(N1) of the output
signal Co 1s increased close to the voltage of the high-
potential voltage supply V,,, the voltage difference
between the gate and source of the second PMOS transistor
TP2 becomes greater than the voltage difference between the

cgate and source of the second NMOS transistor TN2. The
detection circuit 43 therefore outputs the first and second
divided voltages V1c and V2c lower than the predetermined
first and second divided voltages V1a and V1b of the first
case. As a result, the degree of conductivity of the first
NMOS transistor TN1 becomes lower than that of the first
PMOS ftransistor TP1. That is, the drive performance of the
first PMOS transistor TP1 becomes greater, thus increasing
the charge amount per unit time. Further, the drive perfor-
mance of the first NMOS transistor TN1 becomes smaller,
decreasing the discharge amount per unit time. Accordingly,
the charge pump 41 compensates for the balance between
the charge amount and the discharge amount while increas-
ing the charge amount per unit time and decreasing the
discharge amount per unit time.

When the reference signal RIN 1s in phase with the
frequency-divided signal FIN, therefore, the charge pump 41
operates to make the charge amount substantially equal to
the discharge amount in response to the first and second
phase difference signals UP and DN which have the same
pulse width (the case shown at the center in FIG. 9). The
corresponding prior art 1s the lower center 1n FIG. 9. As a
result, the LPF 13 outputs the output signal Lo having a
predetermined voltage V(Lo).

When the phase of the frequency-divided signal FIN lags
behind the phase of the reference signal RIN, the charge
pump 41 performs the proper charge/discharee operation
eorrespondmg to the pulse widths of the first and second
phase difference signals UP and DN (the left center in FIG.
9). The corresponding prior art is the lower left in FIG. 9.
This increases the charge amount and the LPF 13 properly
increases the voltage V(Lo) of the output signal Lo.

When the phase of the frequency-divided signal FIN leads
the phase of the reference signal RIN, the charge pump 41
executes the proper charge/discharge operation correspond-
ing to the pulse widths of the first and second phase
difference signals UP and DN (the right center in FIG. 9).
The corresponding prior art 1s the lower right in FIG. 9. This
increases the discharee amount and the LPF 13 properly
decreases the voltage V(Lo) of the output signal Lo.

As a modification of the first embodiment, an NMOS
transistor may be connected between the node N3 and the
first PMOS transistor TP1 and a PMOS ftransistor may be
connected between the node N2 and the gate of the first
NMOS transistor TN1 1n FIG. 15. Alternatively, a transfer
gate comprising a pair of a PMOS ftransistor and an NMOS
fransistor may be used. In these modifications, it 1s prefer-
able to apply 1nverted signals of the first and second phase
difference signals UP and DN to the gate of the PMOS
fransistor by means of an inverter circuit.

FIG. 17 1s a block circuit diagram of a charge pump 51
according to a second embodiment of the mvention. The
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charge pump 51 includes first to third PMOS transistors
TP11 to TP13, first to third NMOS transistors TN11 to

TN13, an A/D (Analog-to-Digital) converter 52 and a
decoder 53.

The first PMOS transistor TP11 and the first NMOS

transistor TN11 form a series circuit, which serves as a first
charge/discharge (C/D) circuit 54 that performs charging/
discharging of the LPF 13. Specifically, the first PMOS
transistor TP11 has a source connected to the high-potential
voltage supply V,,, a drain connected to the drain of the
first NMOS transistor TN11 and a gate for receiving the first
phase difference signal UP from the phase comparator 11.
The first NMOS transistor TN11 has a source connected to
the low-potential voltage supply V.. and a gate for receiving
the second phase difference signal DN from the phase
comparator 11.

Connected 1n parallel to the first PMOS transistor TP11
are the series-connected second and third PMOS transistors
TP12 and TP13. That 1s, the second transistor TP12 has a
drain connected to the node N1, a source connected to the
third transistor TP13, and a gate for receiving the first phase
difference signal UP. In response to the first phase difference
signal UP, therefore the second PMOS transistor TP12 1s
turned on or off at the same time as the first PMOS transistor
TP11. The third transistor TP13 has a source connected to
the high-potential voltage supply V,, and a gate for receiv-
ing a first control signal S1 (to be described later) which is
output from the decoder 53. The third PMOS transistor TP13

1s turned on or off 1n response to the first control signal S1.
When the second and third PMOS transistors TP12 and

TP13 are turned on substantially simultaneously, the current
[(Co) 1s supplied to the LPF 13 from the high-potential

voltage supply V,, via the second and third transistors
TP12 and TP13.

The second and third PMOS transistors TP12 and TP13
and the second and third NMOS transistors TN12 and TN13
form a second C/D circuit 55 which performs charging/
discharging of the LPF 13. The second and third PMOS
transistors TP12 and TP13 form a pump-out circuit which
pumps out the current to the LPF 13, while the second and
third NMOS transistors TN12 and TN13 form a pump-up
circuit which pumps up the current from the LPF 13.

Speciiically, the series-connected second and third NMOS
transistors TN12 and TN13 are connected 1n parallel to the
first NMOS transistor TN11. That 1s, the second transistor
TN12 has a drain connected to the node N1, a source
connected to the drain of the third transistor TN13 and a gate
for receiving the second phase difference signal DN. The
second NMOS transistor TN12 1s thus turned on or off at
substantially the same time as the first NMOS ftransistor
TN11 in response to the second phase difference signal DN.
The third transistor TN13 has a source connected to the
low-potential voltage supply V¢, and a gate for receiving a
second control signal S2 output from the decoder 53. The
third NMOS transistor TN13 1s turned on or off 1n response
to the second control signal S2. When the second and third
NMOS transistors TN12 and TN13 are turned on substan-
tially simultaneously, the current I(Co) flows to the low-
potential voltage supply V. from the LPF 13 via the second

and third transistors TN12 and TN13.

The A/D converter 52, connected to the node N1, receives
the output signal Co and generates bit signals D2 to D0. As
shown 1 FIG. 19, the decoder 53 receives the bit signals
D2-D0 from the A/D converter 52 and generates the first and
second control signals S1 and S2 from the bit signals
D2-D0. That 1s, the A/D converter 52 and the decoder 53
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form a detection circuit which detects whether the voltage of
the output signal Co 1s 1ncreased close to the voltage of the
high-potential voltage supply V., or decreased close to the
voltage of the low-potential voltage supply V.. and outputs
the first and second control signals S1 and S2 indicating the
detection result.

As shown m FIG. 18, the A/D converter 52 preferably
includes four resistors R11 to R14 connected 1n series
between the high-potential voltage supply V,, and the
low-potential voltage supply V... The resistors R11-R14
form a frequency divider which generates first to third
divided voltages V11 to V13 acquired by dividing the
voltage between the high-potential voltage supply V,, and
the low-potential voltage supply V.. 1n accordance with the
resistances of the resistors R11-R14.

The A/D converter 52 compares the first to third divided
voltages V11 to V13 with the voltage V(Co) of the output
signal Co and generates the bit signals D2—-D0 of three bits
representing the comparison result. Specifically, with the
voltage of the output signal Co present between the voltage
of the high-potential voltage supply V,, and the first
divided voltage V11, the A/D converter 52 outputs the bit
signals D2-D0 of “000”. When the voltage of the output
signal Co lies between the first divided voltage V11 and the
second divided voltage V12, the A/D converter 52 outputs
the bit signals D2-D0 of “100”. When the voltage of the
output signal Co lies between the second divided voltage
V12 and the third divided voltage V13, the A/D converter 52
outputs the bit signals D2-D0 of “110”. When the voltage of
the output signal Co lies between the third divided voltage
V13 and the voltage of the low-potential voltage supply V.,
the A/D converter 52 outputs the bit signals D2—-D0 of “1117.
Thus, the bit signal D2 of “0” indicates that the voltage of
the output signal Co 1s close to the voltage of the high-
potential voltage supply V,,. The bit signal DO of “1”
indicates that the voltage of the output signal Co 1s decreased
close to the voltage of the low-potential voltage supply V.

The third PMOS transistor TP13 1s turned on 1n response
to the first control signal S1 indicating that the voltage of the
output signal Co 1s increased close to the voltage of the
high-potential voltage supply V,,. The third NMOS tran-
sistor TN13 1s turned on in response to the second control
signal S2 1ndicating that the voltage of the output signal Co
1s decreased close to the voltage of the low-potential voltage
supply Vs

The operation of the charge pump 51 will be discussed
below.

In a first case, when the voltage of the output signal Co
lies between the first divided voltage V11 and the second
divided voltage V12 or between the second divided voltage
V12 and the third divided voltage V13, the A/D converter 52
outputs the bit signals D2-D0 of “110” or “100”. The
decoder 53 generates the H-level first control signal S1 and
the L-level second control signal S2 from the bit signals
D2-D0. The third transistors TP13 and TN13 are turned oft
1in response to the first and second control signals S1 and S2.
Accordingly, the second C/D circuit 55 does not operate.
The first C/D circuit 54 performs a charge/discharge opera-
fion 1n response to the first and second phase difference
signals UP and DN and outputs the output signal Co having
a given voltage. At this time, the charge amount 1s substan-
tially equal to the discharge amount.

In a second case, when the voltage of the output signal Co

lies between the voltage of the high-potential voltage supply
V p and the first divided voltage V11, the A/D converter 52

outputs the bit signals D2-D0 of “000”. The decoder 53
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generates the L-level first and second control signals S1 and
S2 from the bit Signals D2-D0. The third PMOS ftransistor
TP13 1s turned on 1n response to the L-level first control
51gnal S1, and the third NMOS transistor TN13 1s turned off

in response to the L-level second control signal S2.
Accordingly, the first and second C/D circuits 54 and 55
carry out a charge operation, and the first C/D circuit 54
alone performs a discharge operation. When the voltage of
the output signal Co 1s increased close to the voltage of the
high-potential voltage supply V,,, therefore, the drive
performance of the pump-out circuit (charge circuit) is
enhanced or accelerate, increasing the charge amount. That
1s, the charge operation of the second C/D circuit 55
compensates for the balance between the charge amount and
the discharge amount.

In a third case, when the voltage of the output signal Co

lies between the third divided voltage V13 and the voltage
of the low-potential voltage supply V.. the A/D converter 52

outputs the bit signals D2-D0 of “111”. The decoder 53
ogenerates the H-level first and second control signals S1 and
S2 from the bit signals D2—-D0. The third PMOS transistor

TP13 1s turned off in response to the H-level first control

signal S1, and the third NMOS transistor TN13 1s turned on
in response to the H-level second control signal S2.
Accordingly, the first C/D circuit 54 alone performs a charge
operation, and the first and second C/D circuits 54 and 55
carry out a discharge operation. When the voltage of the
output signal Co 1s decreased close to the voltage of the
low-potential voltage supply V., therefore, the drive per-
formance of the pump-up circuit (discharge circuit) is
enhanced, increasing the discharge amount. That 1s, the
discharge operation of the second C/D circuit 55 compen-
sates for the balance between the charge amount and the

discharge amount.

FIG. 20 1s a block circuit diagram of a charge pump 51a
according to a third embodiment of the invention. The
charge pump Sla includes first to fifth PMOS transistors
TP11 to TP1S, first to fifth NMOS transistors TN11 to TN135,

an A/D converter 52a and a decoder 53a.

The first PMOS transistor TP11 and the first NMOS
transistor TN11 form a first C/D circuit 54. The second and
third PMOS transistors TP12 and TP13 and the second and

third NMOS transistors TN12 and TN13 form a second C/D

circuit 55. The operations of the first and second C/D circuits
54 and 55 are the same as those of the second embodiment
in FIG. 17. The fourth and fifth PMOS transistors TP14 and
TP15 and the fourth and fifth NMOS transistors TN14 and
TN1S form a third C/D circuit 56.

The series-connected fourth and fifth PMOS transistors
TP14 and TP15 are connected 1n parallel to the first PMOS
transistor TP11. Specifically, the fourth transistor TP14 has
a drain connected to the node N1, a source connected to the
drain of the fifth transistor TP15 and a gate for receiving the
first phase difference signal UP. The fourth PMOS transistor
TP14 1s turned on or off in response to the first phase
difference signal UP at the same time as the first PMOS
transistor TP11. The fifth transistor TP15 has a source
applied with the voltage of the high-potential voltage supply
V,,» and a gate for receiving the first control signal S3 from
the decoder 33a to be described later. The fifth PMOS
transistor TP1S 1s turned on or off 1n response to the first
control signal S3. When the fourth and fifth PMOS transis-
tors TP14 and TP1S are turned on substantially
simultaneously, the current I(Co) is supplied to the LPF 13

from the high-potential voltage supply V,, via the fourth
and fifth transistors TP14 and TP135.

The series-connected fourth and fifth NMOS transistors
TN14 and TN13 are connected 1n parallel to the first NMOS




6,111,468

17

transistor TN1. Specifically, the fourth transistor TN14 has
a drain connected to the node N1, a source connected to the
drain of the fifth transistor TN1S and a gate to which the
fourth phase difference signal DN 1s input. In response to the
fourth phase difference signal DN, therefore the fourth
NMOS transistor TN14 is turned on or off at the same time
as the first NMOS transistor TN11. The fifth transistor TN15
has a source to be applied with the voltage of the low-
potential voltage supply V.. and a gate for receiving the
fourth control signal S4 output from the decoder 53a. The
fifth NMOS transistor TN13S is turned on or off 1n response
to the fourth control signal S4. As the fourth and fifth NMOS

transistors TN14 and TN15 are turned on simultancously,
the current I(Co) flows to the low-potential voltage supply
V.. from the LPF 13 via the fourth and fifth transistors
TN14 and TNI1S5.

The A/D converter 52a, connected to the node NI,
receives the output signal Co and generates bit signals D3 to

DO of four bits. As shown 1n FIG. 22, the decoder 53a shown
in FIG. 22 receives the bit signals D3—D0 from the A/D
converter 52a and generates the first to fourth control signals

S1 to S4 from the bit signals D3—D0. That 1s, the A/D

converter 52a and the decoder 53a form a detection circuit
which detects whether the voltage of the output signal Co 1s
increased close to the voltage of the high-potential voltage
supply V., or the voltage of the low-potential voltage
supply V.. and outputs the first to fourth control signals
S1-54 representing the detection result.

As shown 1n FIG. 21, the A/D converter 52a includes five
resistors R11 to R15 connected 1n series between the high-
potential voltage supply V,, and the low-potential voltage
supply V... The resistors R11-R15 form a frequency divider
which generates first to fourth divided voltages V11 to V14
acquired by dividing the voltage between the high-potential
voltage supply V., and the low-potential voltage supply

V.. 1In accordance with the resistances of the resistors
R11-R15.

The A/D converter 52a compares the first to third divided
voltages V11-V14 with the voltage V(Co) of the output
signal Co and generates the bit signals D3—D0 of fourth bits
representing the comparison result. Specifically, with the
voltage of the output signal Co lying between the voltage of
the high-potential voltage supply V,, and the first divided
voltage V11, the A/D converter 52a outputs the bit signals
D2-D0 of “0000”. When the voltage of the output signal Co
lies between the first divided voltage V11 and the second
divided voltage V12, the A/D converter 52a outputs the bit
signals D2—-D0 of “1000”. When the voltage of the output
signal Co lies between the second divided voltage V12 and
the third divided voltage V13, the A/D converter 52a outputs
the bit signals D2-D0 of “1100”. When the voltage of the
output signal Co lies between the third divided voltage V13
and the fourth divided voltage V14, the A/D converter 52a
outputs the bit signals D2—-D0 of “1110”. When the voltage
of the output signal Co lies between the fourth divided
voltage V14 and the voltage of the low-potential voltage
supply V., the A/D converter 52a outputs the bit signals

D2-D0 of “1111”.

The bit signal D3 is “0” when the voltage V(Co) of the
output signal Co lies between the voltage of the high-
potential voltage supply V,, and the first divided voltage
V11, and 1s “1” when the voltage V(Co) of the output signal
Co lies between the voltage of the first divided voltage V11
and the voltage of the low-potential voltage supply V.. The
bit signal D2 or the first control signal S1 therefore indicates
that the voltage of the output signal Co lies between the
voltage of the high-potential voltage supply V,, and the

first divided voltage V11.
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The bit signal D2 of “0” indicates that the voltage of the
output signal Co lies between the voltage of the high-
potential voltage supply V,, and the second divided voltage
V12. The bit signal D1 of “1” indicates that the voltage of
the output signal Co lies between the third divided voltage
V13 and the voltage of the low-potential voltage supply V..
The bit signal DO of “1” indicates that the voltage of the
output signal Co lies between the fourth divided voltage V14
and the voltage of the low-potential voltage supply V.

The third PMOS transistor TP13 1s turned on 1n response
to the L-level first control signal S1. The third NMOS
transistor TN13 1s turned on i1n response to the H-level
second control signal S2. The fifth PMOS transistor TP15 1s
turned on 1n response to the L-level third control signal S3.
The fifth NMOS transistor TN1S 1s turned on in response to
the H-level fourth control signal S4.

The operation of the charge pump 51a will be discussed
below.

In a first case, when the voltage of the output signal Co
lies between the second divided voltage V12 and the third
divided voltage V13, the A/D converter 52a outputs the bit
signals D3—-D0 of “1100”. The decoder 33 genecrates the
H-level first and third control signals S1 and S3 and the
L-level second and fourth control signals S2 and S4 from the
bit signals D3—D0. The third transistors TP13 and TN13 are
turned off 1n response to the first to fourth control signals S1
to S4. Accordingly, the second and third C/D circuits 8§ and
56 do not operate. The first C/D circuit 54 performs a
charge/discharge operation and outputs the output signal Co
having a given voltage. At this time, the charge amount is
substantially equal to the discharge amount.

In a second case, when the voltage of the output signal Co
lies between the first divided voltage V11 and the second
divided voltage V12, the A/D converter 52a outputs the bit
signals D3-D0 of “1000”. The decoder 53 generates the
H-level first control signal S1 and the L-level second to
fourth control signals S2 to S4 from the bit signals D3-D0.
The third PMOS transistor TP13 1s turned off in response to
the H-level first control signal S1, and the fifth PMOS
transistor TP135 1s turned on 1n response to the L-level third
control signal S3. The third and fifth NMOS transistors
TN13 and TN15 are turned off 1n response to the L-level
second and fourth control signals S2 and S4. Accordingly,
the second C/D circuit 535 does not operate, the first and third
C/D circuits 54 and 56 carry out a charge operation, and the
first C/D circuit 54 alone executes a discharge operation.
That 1s, the low drive performance of the first PMOS
transistor TP11 1s compensated for by the fifth PMOS
transistor TP1S, thus increasing the charge amount. When
the voltage of the output signal Co 1s increased close to the
voltage of the high-potential voltage supply V5, therefore,
the drive performance of the pump-out circuit (charge
circuit) i1s enhanced, increasing the charge amount. That is,
the charge operation of the third C/D circuit 56 compensates
for the balance between the charge amount and the discharge
amount.

In a third case, when the voltage of the output signal Co
lies between the voltage of the high-potential voltage supply
V,p and the first divided voltage V11, the A/D converter
52a outputs the bit signals D3—D0 of “0000”. The decoder
53 generates the L-level first to fourth control signals S1 to
S4 from the bit signals D3—D0. The third and fifth PMOS
transistors TP13 and TP15 are turned on 1n response to the
L-level first and third control signals S1 and S3, and the third
and fifth NMOS transistors TN13 and TN13 are turned off

in response to the L-level second and fourth control signals
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S2 and S4. Accordingly, the first to third C/D circuits 54 to
56 perform a charge operation, and the first C/D circuit 54
alone carries out a discharge operation. That 1s, the lower
drive performance of the first PMOS ftransistor TP11 1is
compensated for by the third and fifth PMOS transistors
TP13 and TP15, thus increasing the charge amount. When
the voltage of the output signal Co 1s increased close to the
voltage of the high-potential voltage supply V,, theretore,
the drive performance of the pump-out circuit (charge
circuit) 1s enhanced, making the charge amount greater than
that in the second case.

In a fourth case, when the voltage of the output signal Co
lies between the third divided voltage V13 and the fourth
divided voltage V14, the A/D converter 52a outputs the bit
signals D3—-D0 of “1110”. The decoder 353 genecrates the
H-level first, third and fourth control signals S1, S3 and S4

and the L-level second control signal S2 from the bit signals

D3-D0. The third and fifth PMOS transistors TP13 and
TP15 are turned off 1 response to the H-level first control
signal S1. The third NMOS transistor TN13 1s turned off in
response to the L-level second control signal S2. The fifth
NMOS transistor TN15 1s turned on 1n response to the
H-level fourth control signal S4. Accordingly, the second
C/D circuit 55 does not operate. The first C/D circuit 54
performs a charge operation, and the first and third C/D
circuits 54 and 56 carry out a discharge operation. When the
voltage of the output signal Co 1s decreased close to the
voltage of the low-potential voltage supply V.., therefore,
the drive performance of the pump-up circuit (discharge
circuit) is enhanced, increasing the discharge amount. That
1s, the low drive performance of the first NMOS transistor
TN11 1s compensated for by the fifth NMOS transistor

TN135, thus increasing the discharge amount.

In a fifth case, when the voltage of the output signal Co
lies between the fourth divided voltage V14 and the voltage
of the low-potential voltage supply V.., the A/D converter
52a outputs the bit signals D3—D0 of “1111”. The decoder 53

ogenerates the H-level first to fourth control signals S1 to 54
from the bit signals D3—D0. The third and fifth PMOS

transistors TP13 and TP15 are turned off in response to the
H-level first and third control signals S1 and S3. The third
and fifth NMOS transistors TN13 and TN135 are turned on 1n
response to the H-level second and fourth control signals S2
and S4. Accordingly, the first C/D circuit 54 performs a
charge operation, and the first to third C/D circuits 54 to 56
carry out a discharge operation. When the voltage of the
output signal Co 1s decreased close to the voltage of the
low-potential voltage supply V., therefore, the drive per-
formance of the pump-up circuit (discharge circuit) is
enhanced, increasing the discharge amount. That 1s, the low
drive performance of the first NMOS transistor TN11 1s
compensated for by the third and fifth NMOS transistors
TN13 and TNI15.

FIG. 23 presents a graph showing the relationship
between the charge/discharge current ratio and the voltage of
the output signal Co with respect to the first and second
phase difference signal UP and DN. In FIG. 23, the solid line
indicates the characteristic of the charge pump S1a, while
the one-dot chain line indicates the characteristic of the
conventional charge pump 12. It 1s apparent that the charge/
discharge current ratio of the charge pump S1a of present
invention 1s nearly “1” from the low-potential voltage sup-
ply V.. side (the left side of FIG. 23) to the high-potential
voltage supply V,p, side (the right side of FIG. 23). Accord-
ing to the conventional charge pump 12, the charge current
1s larger than the discharge current on the low-potential

voltage supply V. side (the left side of FIG. 23) while the
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charge current 1s smaller than the discharge current on the
high-potential voltage supply V,, side (the right side of
FIG. 23).

In the second and third embodiments, a microcomputer
having the functions of the A/D converter 52 or 52a and the
decoder 53 or 53a may be used. In the second and third
embodiments, the decoder 53 or 534 may be omitted.

FIG. 24 1s a circuit diagram of a charge pump 61 accord-
ing to a fourth embodiment of the invention. The charge
pump 61 includes a C/D circuit 54, a detection circuit 64 and
a compensation circuit 65. The C/D circuit 54 includes a pair
of first PMOS and NMOS transistors TP11 and TN11. The
detection circuit 64, which includes first and second opera-
tional amplifiers OP1 and OP2 and second PMOS and
NMOS transistors TP21 and TN21, detects whether the
voltage of the output signal Co 1s increased close to the
voltage of the high-potential voltage supply V,, or the
voltage of the low-potential voltage supply V... The com-
pensation circuit 63, which imncludes third PMOS and NMOS
transistors TP22 and TN22, compensates for the charge
amount/discharge amount of the C/D circuit 54.

The second PMOS transistor TP22 1s connected between
the first PMOS transistor TP11 and the node N1, and the
second NMOS transistor TN22 1s connected between the
first NMOS transistor TN11 and the node N1. The second
PMOS transistor TP21, which has a gate connected to its
source, generates, across its source and drain, a differential
voltage between the voltage V(N1) of the node N1 and the

voltage of the high-potential voltage supply V,,. The
second NMOS transistor TN21, which has a gate connected

fo 1ts source, generates, across 1ts source and drain, a
differential voltage between the voltage V(N1) of the node

N1 and the voltage of the low-potential voltage supply V.

The first operational amplifier OP1 has an inverting 1nput
terminal connected to the node N1, and a non-inverting input
terminal connected to the node N21 between the first PMOS
transistor TP11 and the second PMOS transistor TP21. The
first operational amplifier OP1 sends the first control signal
S1 having a predetermined voltage to the third PMOS
transistor TP22 based on the voltage difference between the
nodes N21 and N1. The voltage difference between the
nodes N21 and N1 is associated with the voltage difference
between the voltage of the output signal Co and the voltage
of the high-potential voltage supply V.

The second operational amplifier OP2 has an inverting
input terminal connected to the node N1, and a non-inverting
mnput terminal connected to the node N22 between the first
NMOS ftransistor TN11 and the second NMOS fransistor
TN21. The second operational amplifier OP2 sends the
second control signal S12 of a predetermined Voltage to the
third NMOS transistor TN22 based on the voltage difference
between the nodes N22 and N1. The voltage difference
between the nodes N22 and N1 1s associated with the voltage
difference between the voltage of the output signal Co and
the voltage of the low-potential voltage supply V.

The voltage of the output signal Co (node N1) is increased
close to the Voltage of the high-potential voltage supply
V »n, the voltage difference between both mnput terminals of
the first operational amplifier OP1 1s small while the voltage
difference between both input terminals of the second opera-
tional amplifier OP2 1s large. Accordingly, the first and
second operational amplifiers OP1 and OP2 respectively
output the first and second control signals S1 and S12 having
high voltages. The smaller the voltage difference between
both input terminals becomes, the higher (increased close to
the voltage of the high-potential voltage supply V) the
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voltage of the first control signal S11 output from the first
operational amplifier OP1 gets. The greater the voltage
difference between both input terminals becomes, the higher
(increased close to the voltage of the high-potential voltage
supply V) the voltage of the second control signal S12
output from the second operational amplifier OP2 gets.

The voltage of the output signal Co (node N1) is
decreased close to the voltage of the low-potential voltage
supply V., the voltage difference between both input ter-
minals of the first operational amplifier OP1 1is large while
the voltage difference between both input terminals of the

second operational amplifier OP2 1s small. Accordingly, the
first and second operational amplifiers OP1 and OP2 respec-
tively output the first and second control signals S11 and S12
having low voltages. The greater the voltage difference
between both input terminals becomes, the lower (decreased
close to the voltage of the low-potential voltage supply V()
the voltage of the first control signal S11 output from the first
operational amplifier OP1 gets. The smaller the voltage
difference between both 1mnput terminals becomes, the lower
(decreased close to the voltage of the low-potential voltage
supply V..) the voltage of the second control signal S12
output from the second operational amplifier OP2 gets.

The third PMOS transistor TP22 has a source connected
to the high-potential voltage supply V., a drain connected
to the gate of the first PMOS transistor TP11 and a gate for
receiving the first control signal S11 from the first opera-
tional amplifier OP1. The third PMOS transistor TP22 has
an ON resistance corresponding to the voltage of the first
control signal S11 when turned on in response to the first
control signal S11. When the third PMOS transistor TP22
has a small ON resistance, for example, charge 1s supplied
through the third PMOS ftransistor TP22 from the high-
potential voltage supply V, ,, raising the voltage level of the
first phase difference signal UP. The first phase difference
signal UP having the increased voltage 1s applied to the gate
of the first PMOS transistor TP11, lowering the degree of
conductivity of the first PMOS transistor TP11. This reduces
the charge amount of the first PMOS transistor TP11.

The third NMOS transistor TN22 has a source connected
to the low-potential voltage supply V., a drain connected to
the gate of the first NMOS transistor TN11 and a gate for
receiving the second control signal S12 from the second
operational amplifier OP2. The third NMOS transistor TN22
has an ON resistance corresponding to the voltage of the first
control signal S11 when turned on 1n response to that second
control signal S12. When the third NMOS transistor TN22
has a small ON resistance, for example, charge 1s supplied
through the third NMOS ftransistor TN22 to the low-
potential voltage supply V.., lowering the voltage level of
the second phase difference signal DN. The second phase
difference signal DN having the decreased voltage 1s applied
to the gate of the first NMOS transistor TN11, lowering the
degree of conductivity of the third NMOS transistor TN22.
This reduces the discharge amount of the first NMOS
transistor TN11.

When the voltage of the output signal Co 1s 1n the vicinity
of the intermediate voltage (“2(V,,+V..)) between the
voltages of the high-potential voltage supply V,, and the
low-potential voltage supply V.., the first and second opera-
tional amplifiers OP1 and OP2 respectively output the first
and second control signals S11 and S12 which have such
voltages as to make the charge amount of the first PMOS

transistor TP11 substantially equal to the discharge amount
of the first NMOS transistor TN22.

FIG. 25 1s a circuit diagram of the first operational
amplifier OP1. The operational amplifier OP1 includes a
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bias voltage generator 62 and a differential amplifier 63. The
differential amplifier 63 increases the current flowing 1n an
NMOS transistor TN23b by Al when the voltage of a signal
IP 1nput to the non-inverting input terminal 1s higher or
increased by AV than the voltage of a signal IM 1nput to the
inverting iput terminal. This increase 1n current reduces the
current flowing 1n an NMOS transistor TN23a by Al and the
current flowing in a PMOS transistor TP23b by Al. The
differential amplifier 63 pumps up the current corresponding
to the amount of current (2ZAl) variable at the PMOS
transistor TP23b. As a result, the voltage of the first control
signal S11 drops. When the voltage of the signal IM 1s higher
or increased by AV than the voltage of the signal IP, on the
other hand, the voltage of the first control signal S11 rises 1n
accordance with the voltage difference AV. As the second
operational amplifier OP2 has the same circuit constitution
as the first operational amplifier OP1, its drawing and
detailed description will be omitted.

The operation of the charge pump 61 will now be dis-
cussed.

In a first case, when the voltage of the output signal Co
lies between the voltage of the high-potential voltage supply
V  and the voltage of the low-potential voltage supply V.,
as shown in FIG. 26(a), the first and second PMOS transis-
tors TP11 and TP21 and the first and second NMOS tran-
sistors TN11 and TN21 have substantially the same resis-
tance (e.g., each transistor has an ON resistance of about 10
Kohms in FIG. 26(a)). Thus, a voltage obtained by equally
dividing the voltage difference between the high-potential
voltage supply V,, and the low-potential voltage supply
V.. by the ON resistances of the individual transistors is
produced at the nodes N21, N1 and N22. The first and
second operational amplifiers OP1 and OP2 respectively
output the first and second control signals S11 and S12
indicating the mtermediate voltage based on the voltages at
the nodes N21, N1 and N22. The third PMOS and NMOS
transistors TP22 and TN22 have the same ON resistance
when they operate 1n response to the first and second control
signals S11 and S12. As a result, the charge amount of the
first PMOS transistor TP11 becomes substantially the same
as the discharge amount of the NMOS transistor TN11.

In a second case, when the voltage V(N1) of the output
signal Co 1s decreased close to the voltage of the low-
potential voltage supply V., as shown in FIG. 26(b), the ON
resistances of the first and second PMOS transistors TP11
and TP21 become smaller while the ON resistances of the
first and second NMOS ftransistors TN11 and TN21 get
larger. This reduces the potentlal difference between the
nodes N21 and N1 and increases the potential difference

between the nodes N1 and N22.

The first operational amplifier OP1 outputs the first con-
trol signal S11 having a low voltage based on the potential
difference between the nodes N21 and N1, and the second
operational amplifier OP2 outputs the Second control signal
S12 having a low voltage based on the potential difference

between the nodes N1 and N22.

The third PMOS transistor TP22 1s turned on at a high
degree of conductivity in response to the first control signal
S11 of a low voltage. This increases the voltage level of the
first phase difference signal UP, reducing the degree of
conductivity of the first PMOS transistor TP11.
Consequently, the charge amount of the first PMOS transis-
tor TP11 gets smaller. The third NMOS transistor TN22 1s
turned off in response to the second control signal S12 of a
low voltage. Accordingly, the first NMOS transistor TN11
performs a discharge operation at a high degree of conduc-
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fivity 1 response to the H-level second phase difference
signal DN. In this way, the charge amount per unit time 1s
reduced to compensate for the balance between the charge
amount and the discharge amount.

In a third case, when the voltage V(N1) of the output
signal Co 1s increased close to the voltage of the high-
potential voltage supply V5, as shown in FIG. 26(c), the
ON resistances of the first and second PMOS transistors
TP11 and TP21 increase while the ON resistances of the first
and second NMOS ftransistors TN11 and TN21 decrease.
This increases the potential difference between the nodes
N21 and N1 and reduces the potential difference between the
nodes N1 and N22.

The first operational amplifier OP1 outputs the first con-
trol signal S11 having a high voltage based on the potential
difference between the nodes N21 and N1, and the second
operational amplifier OP2 outputs the second control signal
S12 having a high voltage based on the potential difference

between the nodes N1 and N22.

The third PMOS transistor TP22 1s turned off 1n response
to the first control signal S11 of a high voltage. This causes
the first PMOS transistor TP11 to perform a charge operation
at a high degree of conductivity in response to the H-level
first phase difference signal UP. The third NMOS transistor
TN22 1s turned on at a high degree of conductivity in
response to the second control signal S12 of a high Voltage
As a result, the voltage level of the second phase difference
signal DN {falls, reducing the degree of conductivity of the
first NMOS transistor TN11. This reduces the discharge
amount of the first NMOS transistor TN11. In this manner,
the discharge amount per unit time 1s reduced to compensate
for the balance between the charge amount and the discharge

amount.

FIG. 27 1s a circuit diagram of a charge pump 71 accord-
ing to the fifth embodiment of the invention. The charge
pump 71 includes first to third PMOS transistors TP11 to
TP13, first to third NMOS transistors TN11 to TN13, and
first and second operational amplifiers OP1 and OP2. The
first PMOS transistor TP11 and the first NMOS transistor
TN11 form a first C/D circuit 54. The second and third
PMOS transistors TP12 and TP13 and the second and third
NMOS ftransistors TN12 and TN13 form a second C/D
circuit 55. The first and second operational amplifiers OP1
and OP2 serve as a detection circuit for detecting whether
the voltage of the output signal Co 1s increased close to the
voltage of the high-potential voltage supply V,, or the
voltage of the low-potential voltage supply V... The second
C/D circuit 55 operates to make the charge amount greater
than the discharge amount when the voltage of the output
signal Co 1s increased close to the voltage of the high-
potential voltage supply V,p,, and operates to make the
discharege amount greater than the charge amount when the
voltage of the output signal Co 1s decreased close to the

voltage of the low-potential voltage supply V... As the
connection of the first to third PMOS transistors TP11-TP13

and the first to third NMOS transistors TN11-TN13 1s the
same as that of the second embodiment, a detailed descrip-
tion thereof will not be repeated.

The first operational amplifier OP1 has a non-inverting
input terminal connected to the drain (node N1) of the first
PMOS transistor TP11, an mverting input terminal con-
nected to the source of the first PMOS transistor TP11 and
an output terminal connected to the gate of the third PMOS
transistor TP13. The first operational amplifier OP1 provides
the third PMOS transistor TP13 with the first control signal
S11 having a predetermined voltage based on the drain-
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source voltage of the first PMOS transistor TP11 (the
differential voltage between the voltage V(N1) of the node
N1 and the voltage of the high-potential voltage supply

pD)

When the voltage of the output signal Co 1s increased
close to the voltage of the high-potential voltage supply
V plor example, the voltage difference across both input
terminals of the first operational amplifier OP1 i1s small.
Accordingly, the first operational amplifier OP1 outputs the
first control signal S11 of a low voltage. The third PMOS
transistor TP13 1s turned on at a high degree of conductivity
in response to the low-voltage first control signal S11. As a
result, the charge amount 1s increased by the first to third
PMOS transistors TP11-TP13. When the voltage of the
output signal Co 1s decreased close to the voltage of the
low-potential voltage supply V.., the voltage difference
across both mput terminals of the first operational amplifier
OP1 1s large. Accordingly, the first operational amplifier
OP1 outputs the first control signal S11 of a high voltage.
The third PMOS transistor TP13 1s turned on at a low degree
of conductivity or turned off in response to the high-voltage
first control signal S1. As a result, the charge amount is

decreased by the first to third PMOS transistors TP11-TP13.

The second operational amplifier OP2 has a non-inverting,
input terminal connected to the drain (node N1) of the first
NMOS ftransistor TN11, an inverting input terminal con-
nected to the source of the first NMOS transistor TN11 and
an output terminal connected to the gate of the third NMOS
transistor TN13. The second operational amplifier OP2
provides the third NMOS transistor TN13 with the second
control signal S12 having a predetermined voltage based on
the drain-source voltage of the first NMOS transistor TN11
(the differential voltage between the voltage V(N1) of the
node N1 and the voltage of the low-potential voltage supply
Vo). As the degree of conductivity of the third NMOS
transistor TN13 changes 1n response to the second control
signal S12, the discharge amount 1s adjusted.

FIG. 28 1s a circuit diagram of a charge pump 91 accord-

ing to a sixth embodiment of the mnvention. The charge pump
91 includes first and second PMOS ftransistors TP11 and

TP22, first and second NMOS transistors TN11 and TN22,
resistors R21 and R22, first and second current detection

circuits 92 and 93 and a comparator 94. Since the connection
of the first and second PMOS transistors TP11 and TP22 and

the first and second NMOS transistors TN11 and TN22 i1s the

same as that of the fourth embodiment, its detailed descrip-
tion will be omitted.

A series circuit of the resistor R21 and the first current
detection circuit 92 1s connected in parallel between the
source and drain of the first PMOS transistor TP11. The first
current detection circuit 92 1s a current-voltage converter
(I-V converter) and outputs a first detection signal S31

whose voltage corresponds to the current that flows across
the resistor R21.

The current flowing across the resistor R21 corresponds to
the current that flows in the first PMOS transistor TP11 (i.e.,
the charge amount by the first C/D circuit 54). Therefore, the
first current detection circuit 92 outputs the first detection
signal S31 whose voltage corresponds to the charge amount.
In other words, the resistor R21 and the first current detec-
fion circuit 92 serve as a detection circuit for detecting the
charge amount (pump-out amount).

A series circuilt of the resistor R22 and the second current

detection circuit 93 1s connected in parallel between the
source and drain of the first NMOS transistor TN11. The

second current detection circuit 93 1s a current-voltage
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converter (I-V converter) and outputs a second detection
signal S32 whose voltage corresponds to the current that
flows across the resistor R22.

The current flowing across the resistor R22 corresponds to
the current that flows in the first NMOS transistor TN11 (i.e.,
the discharge amount by the first C/D circuit 54). Therefore,
the second current detection circuit 93 outputs the second
detection signal S32 having a voltage that corresponds to the
discharge amount.

The comparator 94 has a non-inverting 1nput terminal for
receiving the first detection signal S31 and an inverting 1input
terminal for receiving the second detection signal S32. The
comparator 94 samples the first and second detection signals
S31 and S32, compares both signals S31 and S32 with each
other, and outputs a control signal S21 representing the
comparison result. When the voltage of the second detection
signal S32 1s higher than the voltage of the first detection
signal S31 (when the discharge amount per unit time is
greater than the charge amount), the comparator 94 outputs
the control signal S21 having an H level. When the voltage
of the first detection signal S31 1s higher than the voltage of
the second detection signal S32 (when the charge amount
per unit time 1s greater than the discharge amount), the
comparator 94 outputs the control signal S21 having an L
level. The resistors R21 and R22, the first and second current
detection circuits 92 and 93 and the comparator 94 form a
charge/discharge amount detection circuit. Instead of the
sampling operation of the comparator 94 for sampling the
first and second detection signals S31 and S32, the first and
second current detection circuits 92 and 93 may respectively
latch the first and second detection signals S31 and S32.

The second PMOS transistor TP22 is turned off (the
degree of conductivity becomes lower) in response to the
H-level control signal S21. As a result, the first PMOS
transistor TP11 is turned on to carry out a charge operation
in response to the L-level first phase difference signal UP.
The second NMOS transistor TN22 is turned on (the degree
of conductivity becomes higher) in response to the H-level
control signal S21. Consequently, the voltage of the second
phase difference signal DN drops, lowering the degree of
conductivity of the first NMOS transistor TN11. This results
in a reduction 1n the discharge amount by the first NMOS
transistor TN11.

The second NMOS transistor TN22 is turned off (the
degree of conductivity becomes lower) in response to the
L-level control signal S21. As a result, the first NMOS
transistor TNN11 1s turned on to carry out a discharge opera-
fion 1n response to the H-level second phase difference
signal DN. The second PMOS transistor TP22 is turned on
(the degree of conductivity becomes higher) in response to
the L-level control signal S21. Consequently, the voltage of
the first phase difference signal UP rises, reducing the degree
of conductivity of the first PMOS transistor TP11. As a
result, the charge amount by the first PMOS transistor TP11
1s reduced.

In short, the charge pump 91 of the sixth embodiment
adjusts the degrees of conductivity of the first PMOS and
NMOS transistors TP11 and TN11 1in accordance with the
amounts of the currents that flow 1n the transistors TP11 and
TN11. Accordingly, the balance between the charge amount
and the discharge amount 1s compensated for.

FIG. 29 1s a circuit diagram of a charge pump 101
according to a seventh embodiment of the invention. The
charge pump 101 uses the charge/discharge amount detec-
tion circuit of the sixth embodiment to control the second

C/D circuit 85 of the second embodiment (FIG. 17). The
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charge pump 101 includes first to third PMOS transistors
TP11 to TP13, first to third NMOS transistors TN11 to
TN13, resistors R1 and R22, first and second current detec-

tion circuits 92 and 93 and a comparator 94.

When the charge amount per unit time 1s greater than the
discharge amount, the third PMOS transistor TP13 1s turned
off and the third NMOS transistor TN13 i1s turned on, both
in response to the H-level control signal S21 from the
comparator 94. As a result, only the first C/D circuit 54
performs a charge operation, and the first and second C/D
circuits 54 and 55 perform a discharge operation. When the
voltage of the output signal Co i1s high and the pump-out
current (charge amount) is large, therefore, the operations of

the first and third NMOS transistors TN11 and TNI13
increase the discharge amount of the charge pump 101.

When the discharge amount per unit time 1s greater than
the charge amount, the third PMOS transistor TP13 1s turned
on and the third NMOS transistor TN13 1s turned off, both
in response to the L-level control signal S21 from the
comparator 94. As a result, the first and second C/D circuits
54 and 55 perform a charge operation, and the first C/D
circuit 54 alone performs a discharge operation. When the
voltage of the output signal Co 1s low and the pump-up
current (discharge amount) is large, therefore, the operations
of the first and third PMOS transistors TP11 and TP13

increase the charge amount.

Although this embodiment preferably employs the first
and second C/D circuits 54 and 55, the first to third C/D
circuits 54—56 or a greater number of C/D circuits may be
used 1n a charge pump.

Any of the charge pumps 41, 51, 514, 61, 71, 91 and 101
of the individual embodiments may be used 1n a PLL
frequency synthesizer. FIG. 30 1s a block circuit diagram of
a PLL frequency synthesizer 110. The PLL frequency syn-
thesizer 110 has a phase comparator 11, a charge pump 41,
a low-pass filter (LPF) 13, a voltage controlled oscillator
(VCO) 14, a reference frequency divider 111 and a com-
parative frequency divider 112.

The reference frequency divider 111 frequency-divides a
crystal oscillation signal fo having a specific frequency,
ogenerated by a crystal oscillator 113, yielding a reference
signal fr which 1s supplied to the phase comparator 11. The
comparative frequency divider 112 frequency-divides the
oscillation output signal Fout from the VCO 14, yielding a
comparison signal fp which 1s also supplied to the phase
comparator 11. The phase comparator 11 compares the phase
of the reference signal fr with the phase of the comparison
signal fp, and supplies the first phase difference signal UP
and the second phase difference signal DN to the charge
pump 41 based on the comparison result. In accordance with
the first and the second phase difference signals UP and DN,
the charge pump 41 supplies a predetermined voltage signal
Co to the LPF 13. The LPF 13 smoothes the voltage signal
Co from the charge pump 41 and sends a high-frequency
component removed control signal Lo to the VCO 14. The
V(CO 14 sends out the oscillation output signal Fout whose
frequency corresponds to the voltage value of the control
signal Lo as the output signal of the PLL frequency synthe-
sizer 110. This oscillation output signal Fout 1s fed back to
the comparative frequency divider 112.

When the frequency of the output signal Fout 1s lower
than the desired frequency (when the frequency of the
comparison signal fp 1s lower than the frequency of the
reference signal fr), the phase comparator 11 outputs the first
and second phase difference signals UP and DN having
pulse widths corresponding to the phase difference between
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both signals fr and fp. The charge pump 41 supplies the
predetermined voltage signal Co to the LPF 13 1n accor-
dance with the pulse widths of the phase difference signals
UP and DN. The LPF 13 supplies the control signal Lo of a
high voltage to the VCO 14 based on the voltage signal Co.
The VCO 14 sends out the oscillation output signal Fout
having a high frequency in response to the control signal Lo.

When the frequency of the output signal Fout 1s higher
than the desired frequency (when the frequency of the
comparison signal fp 1s higher than the frequency of the
reference signal {r), the phase comparator 11 and the charge
pump 41 cause the LPF 13 to send the control signal Lo of
a low voltage to the VCO 14. The VCO 14 sends out the
oscillation output signal Fout having a low frequency in
response to the control signal Lo.

It should be apparent to those skilled in the art that the
present invention may be embodied 1n many other specific
forms without departing from the spirit or scope of the
invention. Therefore, the present examples and embodi-
ments are to be considered as illustrative and not restrictive
and the 1nvention 1s not to be limited to the details given
herein, but may be modified within the scope and equiva-
lence of the appended claims.

What 1s claimed 1s:

1. A charge pump comprising:

a charge/discharge circuit for performing a charge opera-
fion 1n response to a first pulse signal, performing a
discharge operation 1n response to a second pulse
signal, and outputting an output signal having a voltage
based on the charge operation and the discharge opera-
fion from an output terminal;

a detection circuit, connected to the charge/discharge
circuit, for detecting a status of the charge operation
and the discharge operation and generating a control
signal representing a detection result; and

an adjusting circuit, connected to the detection circuit and
the charge/discharge circuit, for adjusting the charge
operation and the discharge operation such that a
charge amount and a discharge amount per unit time
become substantially equal to each other, wherein the
detection circuit detects whether the voltage of the
output signal 1s increased close to a voltage of a
high-potential voltage supply or decreased close to a
voltage of a low-potential voltage supply; and

the adjusting circuit adjusts the charge operation and the
discharge operation to reduce a discharge operation
when the voltage of the output signal 1s increased close
to the voltage of the high-potential voltage supply and
to reduce a charge operation when the voltage of the
output signal 1s decreased close to the voltage of the
low-potential voltage supply.

2. A charge pump comprising;:

a charge/discharge circuit for performing a charge opera-
fion 1n response to a first pulse signal, a discharge
operation 1n response to a second pulse signal, and
outputting an output signal having a voltage based on
the charge operation and the discharge operation from
an output terminal;

a detection circuit, connected to the charge/discharge
circuit, for detecting a status of the charge operation
and the discharge operation and generating a control
signal representing a detection result; and

an adjusting circuit, connected to the detection circuit and
the charge/discharge circuit, for adjusting the charge
operation and the discharge operation such that a
charge amount and a discharge amount per unit time
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become substantially equal to each other, wherein the
charge/discharge circuit includes a charge circuit con-
nected between a high-potential voltage supply and the
output terminal and a discharge circuit connected
between a low-potential voltage supply and the output
terminal;

™

the detection circuit detects a first voltage difference
between a voltage of the high-potential voltage supply
and the voltage of the output terminal and a second
voltage difference between a voltage of the low-
potential voltage supply and the voltage of the output
terminal; and

the adjusting circuit adjusts the charge operation and the
discharge operation to reduce a drive performance of
the charge circuit when the first voltage difference 1s
higher than the second voltage difference and to reduce
a drive performance of the discharge circuit when the
second voltage difference 1s higher than the first voltage
difference.

3. A charge pump comprising;:

a charge/discharge circuit for performing a charge opera-
fion 1n response to a first pulse signal, a discharge
operation 1n response to a second pulse signal, and
outputting an output signal having a voltage based on
the charge operation and the discharge operation from
an output terminal;

a detection circuit, connected to the charge/discharge
circuit, for detecting a status of the charge operation
and the discharge operation and generating a control
signal representing a detection result; and

an adjusting circuit, connected to the detection circuit and
the charge/discharge circuit, for adjusting the charge
operation and the discharge operation such that a
charge amount and a discharge amount per unit time
become substantially equal to each other, wherein the
charge/discharge circuit includes a charge circuit con-
nected between a high-potential voltage supply and the
output terminal and a discharge circuit connected
between a low-potential voltage supply and the output
terminal;

the detection circuit detects an amount of a first current
flowing 1n the charge circuit and an amount of a second
current flowing 1n the discharge circuit, and generates
the control signal based on a difference between the
first and second currents; and

the adjusting circuit adjusts the charge operation and the
discharge operation to reduce a drive performance of

the charge circuit when the first current 1s larger than

the second current and to reduce a drive performance of

the discharge circuit when the second current 1s larger

than the first current.

4. A charge pump comprising:

a charge/discharge circuit for performing a charge opera-
tion 1n response to a first pulse signal, a discharge
operation 1n response to a second pulse signal, and
outputting an output signal having a voltage based on
the charge operation and the discharge operation from
an output terminal;

a detection circuit, connected to the charge/discharge
circuit, for detecting a status of the charge operation
and the discharge operation and generating a control
signal representing a detection result; and

an adjusting circuit, connected to the detection circuit and
the charge/discharge circuit, for adjusting the charge
operation and the discharge operation such that a
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charge amount and a discharge amount per unit time
become substantially equal to each other, wherein the
detection circuit detects whether the voltage of the
output signal 1s increased close to a voltage of a
high-potential voltage supply or decreased close to a
voltage of a low-potential voltage supply; and

the adjusting circuit adjusts the charge operation and the
discharge operation to enhance a charge performance
when the voltage of the output signal 1s increased close
to the voltage of the high-potential voltage supply and
to enhance a discharge performance when the voltage
of the output signal i1s decreased close to the voltage of
the low-potential voltages supply.

5. A charge pump comprising:

a charge/discharge circuit for performing a charge opera-
fion 1n response to a first pulse signal, a discharge
operation 1n response to a second pulse signal, and
outputting an output signal having a voltage based on
the charge operation and the discharge operation from
an output terminal;

a detection circuit, connected to the charge/discharge
circuit, for detecting a status of the charge operation
and the discharge operation and generating a control
signal representing a detection result; and

an adjusting circuit, connected to the detection circuit and
the charge/discharge circuit, for adjusting the charge
operation and the discharge operation such that a
charge amount and a discharge amount per unit time
become substantially equal to each other, wherein the
charge/discharge circuit includes a charge circuit con-
nected between a high-potential voltage supply and the
output terminal and a discharge circuit connected
between a low-potential voltage supply and the output
terminal;

™

the detection circuit detects a first voltage difference
between a voltage of the high-potential voltage supply
and the voltage of the output terminal and a second
voltage difference between a voltage of the low-
potential voltage supply and the voltage of the output
terminal; and

the adjusting circuit adjusts the charge operation and the
discharge operation to enhance a drive performance of
the discharge circuit when the first voltage difference 1s
higher than the second voltage difference and to
enhance a drive performance of the charge circuit when
the second voltage difference 1s higher than the first
voltage difference.

6. A charge pump comprising:

a charge/discharge circuit for performing a charge opera-
fion 1n response to a first pulse signal, a discharge
operation 1n response to a second pulse signal, and
outputting an output signal having a voltage based on
the charge operation and the discharge operation from
an output terminal;

a detection circuit, connected to the charge/discharge
circuit, for detecting a status of the charge operation
and the discharge operation and generating a control
signal representing a detection result; and

an adjusting circuit, connected to the detection circuit and
the charge/discharge circuit, for adjusting the charge
operation and the discharge operation such that a
charge amount and a discharge amount per unit time
become substantially equal to each other,

wherein the charge/discharge circuit includes a charge
circuit connected between a high-potential voltage sup-
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ply and the output terminal and a discharge circuit
connected between a low-potential voltage supply and
the output terminal;

the detection circuit detects an amount of a first current
flowing 1n the charge circuit and an amount of a second
current flowing in the discharge circuit, and generates
the control signal based on a difference between the
amounts of the first and second charge currents; and

the adjusting circuit adjusts the charge operation and the
discharge operation to enhance a drive performance of
the discharge circuit when the first current 1s larger than
the second current and to enhance a drive performance
of the charge circuit when the second current 1s larger
than the first current.

7. A charge pump comprising:

charge and discharge transistors connected 1n series
between a high-potential voltage supply and a low-
potential voltage supply;

a first transistor, a resistor and a second transistor con-
nected 1n series between the high-potential voltage
supply and the low-potential voltage supply;

a third transistor connected between a first node between
the first transistor and the resistor, and a gate of the

charge transistor and responsive to a first pulse signal;
and

a fourth transistor connected between a second node
between the second transistor and the resistor, and a
gate of the discharge transistor and responsive to a
second pulse signal, wherein the gates of the first and
second transistors are connected to a third node
between the charge transistor and the discharge tran-
sistor.

8. A charge pump comprising:

a main charge transistor and a main discharge transistor
connected 1n series between a high-potential voltage
supply and a low-potential voltage supply;

a group of auxiliary charge transistors including first and
second auxiliary charge transistors connected 1n series
between a node between the main charge transistor and
the main discharge transistor, and the high-potential
voltage supply;

a group ol auxiliary discharge transistors including first
and second auxiliary discharge transistors connected 1n
serics between the node and the low-potential voltage
supply; and

an A/D converter, connected to the node, for converting
an analog signal at the node to a digital signal,

a gate of the first auxiliary charge transistor being con-
nected to a gate of the main charge transistor, a gate of
the second auxiliary charge transistor being responsive
to the digital signal, a gate of the first auxiliary dis-
charge transistor being connected to a gate of the main
discharge transistor, and a gate of the second auxiliary
discharge transistor being responsive to the digital
signal.

9. The charge pump according to claim 8, wherein the
ogroup ol auxiliary charge transistors further includes third
and fourth auxiliary charge transistors connected between
the node and the high-potential voltage supply, a gate of the
third auxiliary charge transistor being connected to the gate
of the main charge transistor, a gate of the fourth auxiliary
charge transistor being responsive to the digital signal; and

the group of auxiliary discharge transistors further
includes third and fourth auxiliary discharge transistors
connected between the node and the low-potential
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voltage supply, a gate of the third auxiliary discharge
transistor being connected to the gate of the main
discharge transistor, and a gate of the fourth auxiliary
discharge transistor being responsive to the digital

cgate of the first auxiliary discharge transistor being
connected to a gate of the discharge transistor, and a

32

gate of the second auxiliary discharge transistor being,
connected to the output terminal of the second opera-
tional amplifier.

13. A charge pump comprising:

signal. 5 a charge transistor and a discharge transistor connected 1n

10. The charge pump according to claim 8, turther com- serics between a high-potential voltage supply and a
prising a decoder, connected to the A/D converter, for low-potential voltage supply;

rece1ving the digital Si_gl_lal al}d decoding the digital signal to a first resistor and a first current detection circuit con-

generate a decoded digital signal. nected in series between a first node between the charge

I1. A charge pump comprising: 10 transistor and the discharge transistor, and a second

a charge transistor and a discharge transistor connected 1n node between the high-potential voltage supply and the
serics between a high-potential voltage supply and a charge transistor;
low-potential voltage supply; a second resistor and a second current detection circuit

first and second transistors connected 1n series between connected in series between the first node and a third
the charge transistor and the discharge transistor, a gate 1° node between the low-potential voltage supply and the
of the first transistor being connected to a first node discharge transistor;
between the first transistor. and the. charge transistor, a an operational amplifier having a first input terminal
gate of the second transistor being connected to a connected to an output of the first current detection
S‘?COﬂd node bfatween the second transistor and the - circuit, a second mnput terminal connected to an output
discharge transistor; of the second current detection circuit, and an output

a first operational amplifier having a first input terminal terminal;
connected to the first node, a second nput terminal a first transistor connected between the high-potential
conmj;cted to a third node beth—::en the first and second voltage supply and a gate of the charge transistor; and
transistors, and an output terminal; »5 a second transistor connected between the low-potential

a second operational amplifier having a first input tt::rmi- voltage supply and a gate of the discharge transistor,
nal c;onnected o the Seconq node, a sccond input the first and second transistors having gates connected to
term%nal connected to the third node, and an output the output terminal of the operational amplifier.
te.rmmal; | _ _ 14. A charge pump comprising:

a third transistor connected between the h1ghjp0tentlal 30 a charge transistor and a discharge transistor connected in
voltage Supply and a gate of the charge transistor; ElIild series between a high-potential voltage supply and a

a fourth transistor connected betweep the low-potfantlal low-potential voltage supply;
voltage supply and a gate of the discharge transistor, a group of auxiliary charge transistors including first and

a gate of the third transistor being connected to the output second auxiliary charge transistors connected in series
terminal of the first operational amplifier, and a gate of 35 between the high-potential voltage supply and a first
the fourth transistor being connected to the output node between the charge transistor and the discharge
terminal of the second operational amplifier. transistor;

12. A charge pump comprising: a group of auxiliary discharge transistors including first

a charge transistor and a discharge transistor connected 1n and second auxiliary discharge transistors connected in
series between a high-potential voltage supply and a series between the low-potential voltage supply and the
low-potential voltage supply; first node;

a group of auxiliary charge transistors including first and a first resistor and a first current detection circuit con-
second auxiliary charge transistors connected 1n series nected in series between the first node and a second
between the high-potential voltage supply and a first node between the charge transistor and the high-
node between the charge transistor and the discharge . potential voltage supply;
transistor; a second resistor and a second current detection circuit

a group ot auxiliary discharge transistors mcluding first connected 1n series between the first node and a third
and second auxiliary discharge transistors connected 1n node between the discharge transistor and the low-
serics between the low-potential voltage supply and the < potential voltage supply;
first node; an operational amplifier having a first input terminal

a first operational amplifier having a first input terminal connected to an output of the first current detection
connected to the first node, a second Input terminal circuit, a second input terminal connected to an output
connected to a second node between the high-potential of the second current detection circuit, and an output
voltage supply and the charge transistor, and an output .. terminal; and
terminal; and a gate of the first auxiliary charge transistor being con-

a second operational amplifier having a first input termi- nected to a gate of the charge transistor, a gate of the
nal connected to the first node, a second input terminal second auxiliary charge transistor being connected to
connected to a third node between the low-potential the output terminal of the operational amplifier, a gate
voltage supply and the discharge transistor, and an ¢ of the first auxiliary discharge transistor being con-
output terminal, nected to a gate of the discharge transistor, and a gate

a gate of the first auxiliary charge transistor being con- of the second auxiliary discharge transistor being con-
nected to a gate of the charge transistor, a gate of the nected to the output terminal of the operational ampli-
second auxiliary charge transistor being connected to fier.
the output terminal of the first operational amplifier, a 65  15. A phase Locked Loop(PLL) circuit comprising:

a phase comparator receiving a reference signal and a
comparison signal and generating first and second
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phase difference signals having pulse widths based on
a phase difference between the first and second phase
difference signals;

a charge pump, connected to the phase comparator,
receiving the first and second phase difference signals
and generating an output signal having a predetermined
voltage based on the first and second phase difference
signals, wherein the charge pump includes
charge and discharge transistors connected 1n series

between a high-potential voltage supply and a low-
potential voltage supply and responsive to the first
and second phase difference signals,

a first transistor, a resistor and a second transistor
connected 1n series between the high-potential volt-
age supply and the low-potential voltage supply;

a third transistor connected between a {first node
between the first transistor and the resistor, and a gate
of the charge transistor and responsive to a first phase
difference signal, and

a fourth transistor connected between a second node
between the second transistor and the resistor, and a
gate of the discharge transistor and responsive to a
second phase difference signal, wherein the output
signal 1s provided at a third node between the charge
transistor and the discharge transistor, and the gates
of the first and second transistors are connected to
the third node; and

a voltage controlled oscillator, connected to the charge
pump, for generating an oscillation output signal hav-
ing a frequency which corresponds to a voltage of the
charge pump output signal.

16. The PLL circuit according to claim 15, further com-
prising a frequency divider, connected between the voltage
controlled oscillator and the phase comparator, for fre-
quency dividing the oscillation output signal and generating
the comparison signal.

17. The PLL circuit according to claim 15, further com-
prising:

a reference frequency divider, connected to the phase
comparator, for frequency dividing an oscillation signal
having a predetermined frequency and generating the
reference signal having a reference frequency; and

a comparative frequency divider, connected between the
voltage controlled oscillator and the phase comparator,
for frequency dividing the oscillation output signal and
generating the comparison signal.

18. A Phase Locked Loop(PLL) circuit comprising:

a phase comparator receiving a reference signal and a
comparison signal and generating first and second
phase difference signals having pulse widths based on
the phase difference between the first and second phase
difference signals;
a charge pump, connected to the phase comparator,
receiving the first and second phase difference signals
and generating at an output terminal, an output signal
having a predetermined voltage based on the first and
second phase difference signals, wherein the charge
pump includes
a main charge transistor and a main discharge transistor
connected 1n series between a high-potential voltage
supply and a low-potential voltage supply and
responsive to the first and second phase difference
signals, wherein the output terminal comprises a
node between the main charge transistor and the
main discharge transistor,

a group of auxiliary charge transistors including first
and second auxiliary charge transistors connected in
serics between the node and the high-potential volt-
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a group of auxiliary discharge transistors including first
and second auxiliary discharge transistors connected
in series between the node and the low-potential
voltage supply, and

an A/D converter, connected to the node, for converting,
an analog signal at the node to a digital signal, a gate
of the first auxiliary charge transistor being con-
nected to a gate of the main charge transistor, a gate
of the second auxiliary charge ftransistor being
responsive to the digital signal, a gate of the first
auxiliary discharge transistor being connected to a
gate of the main discharge transistor, and a gate of
the second auxiliary discharge transistor being
responsive to the digital signal; and

a voltage controlled oscillator, connected to the charge
pump, for generating an oscillation output signal hav-
ing a frequency which corresponds to a voltage value of
the charge pump output signal.

19. The PLL circuit according to claim 18, wherein the
oroup of auxiliary charge transistors further mcludes third
and fourth auxiliary charge transistors connected between
the node and the high-potential voltage supply, a gate of the
third auxiliary charge transistor being connected to the gate
of the main charge transistor, and a gate of the fourth
auxiliary charge transistor being responsive to the digital
signal; and

the group of auxiliary discharge ftransistors further
includes third and fourth auxiliary discharge transistors
connected between the node and the low-potential
voltage supply, a gate of the third auxiliary discharge
transistor being connected to the gate of the main
discharge transistor, and a gate of the fourth auxiliary
discharge transistor being responsive to the digital
signal.

20. The PLL circuit according to claim 18, further com-
prising a frequency divider, connected between the voltage
controlled oscillator and the phase comparator, for fre-
quency dividing the oscillation output signal and generating
the comparison signal.

21. The PLL circuit according to claim 18, further com-
prising:

a reference frequency divider, connected to the phase
comparator, for frequency dividing an oscillation signal
having a predetermined frequency and generating the
reference signal having a reference frequency; and

a comparative frequency divider, connected between the
voltage controlled oscillator and the phase comparator,
for frequency dividing the oscillation output signal and

generating the comparison signal.
22. A Phase Locked Loop(PLL) circuit comprising:

a phase comparator receiving a reference signal and a
comparison signal and generating first and second
phase difference signals having pulse widths based on
the phase difference between the first and second phase
difference signals;

a charge pump, connected to the phase comparator,
receiving the first and second phase difference signals
and generating an output signal having a predetermined
voltage based on the first and second phase difference
signals, wherein the charge pump includes
a charge transistor and a discharge transistor connected
1n series between a high-potential voltage supply and
a low-potential voltage supply and responsive to the
first and second phase difference signals,

first and second transistors connected 1n series between
the charge transistor and the discharge transistor, a




6,111,468

35

gate of the first transistor being connected to a first
node between the first transistor and the charge
transistor, a gate of the second ftransistor being
connected to a second node between the second
transistor and the discharge transistor,

a first operational amplifier having a first input terminal
connected to the first node, a second mput terminal
connected to a third node between the first and

second transistors, and an output terminal, the third
node being an output terminal of the output signal of
the charge pump,

a second operational amplifier having a {first i1nput
terminal connected to the second node, a second
input terminal connected to the third node, and an
output terminal,

a third transistor connected between the high-potential
voltage supply and a gate of the charge transistor,
and

a fourth transistor connected between the low-potential
voltage supply and a gate of the discharge transistor,
a gate of the third transistor being connected to the
output terminal of the first operational amplifier, and
a gate of the fourth transistor being connected to the
output terminal of the second operational amplifier;
and

a voltage controlled oscillator, connected to the charge
pump, for generating an oscillation output signal hav-
ing a frequency which corresponds to a voltage value of
the charge pump output signal.

23. The PLL circuit according to claim 22, further com-
prising a frequency divider, connected between the voltage
controlled oscillator and the phase comparator, for fre-
quency dividing the oscillation output signal and generating
the comparison signal.

24. The PLL circuit according to claim 22, further com-
prising:

a reference frequency divider, connected to the phase
comparator, for frequency dividing an oscillation signal
having a predetermined frequency and generating the
reference signal having a reference frequency; and

a comparative frequency divider, connected between the
voltage controlled oscillator and the phase comparator,
for frequency dividing the oscillation output signal and
generating the comparison signal.

25. A Phase Locked Loop(PLL) circuit comprising;:

a phase comparator receiving a reference signal and a
comparison signal and generating first and second
phase difference signals having pulse widths based on
the phase difference between the first and second phase
difference signals;

a charge pump, connected to the phase comparator,
receiving the first and second phase difference signals
and generating an output signal having a predetermined
voltage based on the first and second phase difference
signals, wherein the charge pump includes
a charge transistor and a discharge transistor connected

in series between a high-potential voltage supply and
a low-potential voltage supply and responsive to the
first and second phase difference signals,

a group of auxiliary charge transistors including first
and second auxiliary charge transistors connected in
serics between the high-potential voltage supply and
a first node between the charge transistor and the
discharge transistor, the first node being an output
terminal of the output signal of the charge pump,

a group of auxiliary discharge transistors including first
and second auxiliary discharge transistors connected
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in series between the low-potential voltage supply
and the first node,

a first operational amplifier having a first input terminal
connected to the first node, a second 1nput terminal
connected to a second node between the high-
potential voltage supply and the charge transistor,
and an output terminal, and

a second operational amplifier having a first input

terminal connected to the first node, a second 1nput
terminal connected to a third node between the

low-potential voltage supply and the discharge
transistor, and an output terminal, a gate of the first
auxiliary charge transistor being connected to a gate
of the charge transistor, a gate of the second auxiliary
charge transistor being connected to the output ter-
minal of the first operational amplifier, a gate of the
first auxiliary discharge transistor being connected to
a gate of the discharge transistor, and a gate of the
second auxiliary discharge transistor being con-
nected to the output terminal of the second opera-
tional amplifier; and

a voltage controlled oscillator, connected to the charge
pump, for generating an oscillation output signal hav-
ing a frequency which corresponds to a voltage value of
the charge pump output signal.

26. The PLL circuit according to claim 25, further com-
prising a frequency divider, connected between the voltage
controlled oscillator and the phase comparator, for fre-
quency dividing the oscillation output signal and generating
the comparison signal.

27. The PLL circuit according to claim 25, further com-
Prising;:

a reference frequency divider, connected to the phase
comparator, for frequency dividing an oscillation signal
having a predetermined frequency and generating the
reference signal having a reference frequency; and

a comparative frequency divider, connected between the
voltage controlled oscillator and the phase comparator,
for frequency dividing the oscillation output signal and

generating the comparison signal.
28. A Phase Locked Loop(PLL) circuit comprising:

a phase comparator receiving a reference signal and a
comparison signal and generating first and second
phase difference signals having pulse widths based on
the phase difference between the first and second phase
difference signals;

a charge pump, connected to the phase comparator,
receiving the first and second phase difference signals
and generating an output signal having a predetermined
voltage based on the first and second phase difference
signals, wherein the charge pump includes
a charge transistor and a discharge transistor connected

in series between a high-potential voltage supply and
a low-potential voltage supply and responsive to the
first and second phase difference signals, a first node
between the charge transistor and the discharge tran-
sistor being an output terminal of the output signal of
the charge pump,

a first resistor and a first current detection circuit
connected 1n series between a {irst node between the
charge transistor and the discharge transistor, and a
second node between the high-potential voltage sup-
ply and the charge transistor,

a second resistor and a second current detection circuit
connected 1n series between the first node and a third
node between the low-potential voltage supply and
the discharge transistor,
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an operational amplifier having a first mnput terminal
connected to an output of the first current detection
circuit, a second input terminal connected to an
output of the second current detection circuit, and an
output terminal,

a first transistor connected between the high-potential
voltage supply and a gate of the charge transistor,
and

a second transistor connected between the low-
potential voltage supply and a gate of the discharge
transistor, the first and second transistors having
gates connected to the output terminal of the opera-
tional amplifier; and

a voltage controlled oscillator, connected to the charge
pump output terminal, for generating an oscillation
output signal having a frequency which corresponds to
a voltage value of the output signal from the charge
pump.

29. The PLL circuit according to claim 28, further com-
prising a frequency divider, connected between the voltage
controlled oscillator and the phase comparator, for fre-
quency dividing the oscillation output signal and generating
the comparison signal.

30. The PLL circuit according to claim 28, further com-
prising:

a reference frequency divider, connected to the phase
comparator, for frequency dividing an oscillation signal
having a predetermined frequency and generating the
reference signal having a reference frequency; and

a comparative frequency divider, connected between the
voltage controlled oscillator and the phase comparator,
for frequency dividing the oscillation output signal and
generating the comparison signal.

31. A Phase Locked Loop(PLL) circuit comprising;:

a phase comparator receiving a reference signal and a
comparison signal and generating first and second
phase difference signals having pulse widths based on
the phase difference between the first and second phase
difference signals;

a charge pump, connected to the phase comparator,
receiving the first and second phase difference signals
and generating an output signal having a predetermined
voltage based on the first and second phase difference
signals, wherein the charge pump includes
a charge transistor and a discharge transistor connected

1n series between a high-potential voltage supply and
a low-potential voltage supply and responsive to the
first and second phase difference signals, a first node
between the charge transistor and the discharge tran-
sistor being an output of the output signal of the
charge pump,
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a group of auxiliary charge transistors including first
and second auxiliary charge transistors connected in
serics between the high-potential voltage supply and
a first node between the charge transistor and the
discharge transistor,

a group of auxiliary discharge transistors including first
and second auxiliary discharge transistors connected
in series between the low-potential voltage supply

and the first node,

a first resistor and a first current detection circuit
connected 1n series between the first node and a
second node between the charge transistor and the
high-potential voltage supply,

a second resistor and a second current detection circuit
connected 1n series between the first node and a third
node between the discharge transistor and the low-
potential voltage supply, and

an operational amplifier having a first mnput terminal
connected to an output of the first current detection
circuit, a second input terminal connected to an
output of the second current detection circuit, and an
output terminal, a gate of the first auxiliary charge

transistor being connected to a gate of the charge
transistor, a gate of the second auxiliary charge
transistor being connected to the output terminal of
the operational amplifier, a gate of the first auxiliary
discharge transistor being connected to a gate of the
discharge transistor, and a gate of the second auxil-
1ary discharge transistor being connected to the out-
put terminal of the operational amplifier; and

a voltage controlled oscillator, connected to the charge
pump, for generating an oscillation output signal hav-
ing a frequency which corresponds to a voltage value of
the charge pump output signal.

32. The PLL circuit according to claim 31, further com-
prising a frequency divider, connected between the voltage
controlled oscillator and the phase comparator, for fre-
quency dividing the oscillation output signal and generating
the comparison signal.

33. The PLL circuit according to claim 31, further com-
prising:

a reference frequency divider, connected to the phase
comparator, for frequency dividing an oscillation signal
having a predetermined frequency and generating the
reference signal having a reference frequency; and

a comparative frequency divider, connected between the
voltage controlled oscillator and the phase comparator,
for frequency dividing the oscillation output signal and
generating the comparison signal.
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